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Agrobacterium tumefaciens is a plant pathogen which has the ability to transform a wide 
range of hosts by transferring T-DNA into the targeted cells. Bacterial factors involved in this 
transformation process have been well studied. However, host factors involved in this process 
are still not fully understood. Using Saccharomyces cerevisiae as model in our genetic 
screening effort, mutants with aberrant susceptibility to A. tumefaciens mediated 
transformation (AMT) were identified.  
 
Among these, MON2 was identified as one of the potential regulator of the transformation 
process. Deletion of MON2 in S. cerevisiae leads to enhanced susceptibility to transient 
transformation. Subsequent studies have revealed that in the absence of MON2, S. cerevisiae 
affinity to A. tumefaciens increased. This augmented affinity with the pathogen allows more 
efficient T-DNA delivery into S. cerevisiae, resulting in higher transient transformation 
efficiency. Furthermore, we have shown that domain C-D of MON2 protein alone is 
sufficient to rescue the mutant phenotype by reducing mon2Δ S. cerevisiae susceptibility to 
transient transformation by A. tumefaciens, suggesting that domain C-D is crucial for the role 
of MON2 in regulating transient AMT. In addition, we have shown that in the absence of 
other domains, domain C-D does not localise to the Golgi, which is the normal localisation 
site of full length MON2, indicating that the localisation of MON2 to the Golgi is not 
required for regulation of transient AMT. However till date we have yet to determine how 
these domains regulate the affinity of A. tumefaciens to S. cerevisiae, perhaps more in depth 
study in the future could shed some light on this process.  
 
Interestingly, despite the enhancement in transient transformation efficiency, deletion of 
MON2 also leads to inefficient stable transformation of the host, as evidence from the low T-
DNA integration frequency. Subsequent studies revealed that the MON2 mutant is less likely 
to DNA damages induced by UV irradiation and exposure to alkylating agents, suggesting a 
less efficient DNA repair pathway. In addition, the mon2Δ mutant is also less efficient in 
repairing a linearised plasmid. Taken together, these results suggest that the less efficient T-
DNA integration event observed in mon2Δ mutant is likely due to its inefficient DNA repair 
pathway. More detailed studies have revealed that DNA repair in mon2Δ mutant take place 
predominantly via NHEJ double-stranded DNA repair pathway, suggesting a deficient in 
11 
 
Homologous recombination (HR) pathway. Based on these results, it is clear that double-
stranded DNA repair in mon2Δ mutant is deficient, with HR pathway affected more severely, 
leading to less efficient T-DNA integration. 
 
In this study, we have also identified and isolated MON2 homologs of Nicotiana 
benthamiana (NbMON2). Using VIGS, NbMON2 silenced N. benthamiana was generated 
and 60% reduction in NbMON2 level was achieved. Interestingly, with only 60% reduction 
expression level achieved, the silenced plant also displayed similar phenotype to S. 
cerevisiae, with augmented susceptibility to transient transformation and deficient in stable 
transformation when challenged with A. tumefaciens. This result suggests that the role of 
MON2 in AMT is highly conserved.  
 
In conclusion, our study identifies a novel host factor MON2, which plays multiple roles in 
AMT, and this knowledge could potentially further our understanding on host’s involvement 
in the transformation process. In addition, we have also attempted and succeeded in 
visualising the delivery of VirE2 into Medaka Ebryonic Stem (MES) cell, a non-natural host 
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Chapter 1 Introduction on Agrobacterium-mediated Transformation 
1.1 General introduction 
Agrobacterium tumefaciens is a plant pathogen that causes crown gall tumours in infected 
plant. The host-range of this unique Gram-negative soil-borne pathogen includes most 
dicotyledonous and some monocotyledonous plant [1]. A. tumefaciens causes tumour 
formation by transferring oncogenic T-DNA, into the targeted host cells. This oncogenic T-
DNA encodes for several oncogenes, and expression of these oncogenes in the host cell will 
lead to production and synthesis of plant hormones, which will in turn promote neoplastic 
growth [2]. Additionally, acid-sugar conjugates known as Opines, which function as a source 
of nutrient exclusively for A. tumefaciens, are produced as a result of oncogenes expression, 
[3] (See Figure 1.1 for overview of AMT).  
 
One of the first few studies on A. tumefaciens had shown that the symptom of A. tumefaciens 
infection (neoplastic growth) is maintained even in the absence of A. tumefaciens, indicating 
that the host cells have been genetically transformed [4]. Based on its ability to transform 
targeted host cells genetically via genes transfer, A. tumefaciens had been developed and used 
extensively as vector for gene delivery. To prevent undesirable tumour formation in plant 
after transformation, A. tumefaciens was disarmed via the removal of oncogenes responsible 
for neoplastic growth from the Ti-plasmid. DNA segment that is to be introduced into 
susceptible host can either be cloned directly into the T-DNA region of the Ti-plasmid, or 
introduced into host via the binary system. In the binary system the DNA segment was 
carried and launch from the binary vector (between Left and Right border) that can exist in A. 
tumefaciens independent of the Ti-plasmid [5-7]. Through these A. tumefaciens-based 
approaches, efficient genetic manipulation in plant was achieved.  
 
In laboratory condition, A. tumefaciens has not only shown to be an efficient in transforming 
plant, A. tumefaciens can also be induced to transform other bacterial species, fungi and also 
animal cells [8-10]. Over the past few decades, since the identification of A. tumefaciens as a 
plant pathogen, much of the focuses have been placed on deciphering and understanding of 
pathogen-plant interaction during the infection process. A. tumefaciens transformation of 
plant cells involves several steps, which begins with the release of phenolic compounds from 
the wounded site of the plant. Upon recognition of the plant-derived phenolic compounds, A. 



















genes are expressed, resulting in the production of T-DNA and several virulence proteins, 
which are indispensable for the transformation process. After formation of stable attachment 
to the targeted cells, virulence proteins together with T-DNA are transferred to the host 
through the VirB T-pilus. Once inside the host cell, the oncogenic T-DNA is transported to 
the nucleus through the cytoplasm, a process involving both virulence proteins and host 
factors. The integration of oncogenic T-DNA into the host genome marks the genetic 
transformation of the host plant. Subsequently, the expression of oncogenes carried by the T-
DNA will lead to production of opines and eventually leads to tumour formation, which is the 
hallmark of A. tumefaciens infection in plant [11]. 
 
The lengthy host transformation process can be simplified to several main stages, (i) 
Recognition of plant signalling compounds by A. tumefaciens, (ii) attachment, (iii) expression 
and delivery of virulence proteins and T-DNA into host, (iv) trafficking of T-DNA complex 
into host nucleus, (v) integration of T-DNA, (vi) expression of oncogenic T-DNA and finally 
(vii) formation of tumour. These will be covered in greater details in the following sessions.  
 
1.2 Recognition of plant signalling compounds by A. tumefaciens Two-component 
signalling pathway 
As mentioned, recognition of signalling compounds released from wounded plant by A. 
tumefaciens is the crucial first step of the transformation process. The direct consequence of 
recognising these signalling compounds is the subsequent expression of downstream 
virulence genes in A. tumefaciens. Production of these virulence proteins, in the absence of 
suitable target of host is unfavourable for A. tumefaciens due to several reasons. Firstly, 
expression of virulence genes in A. tumefaciens was proposed to be an energy demanding 
process [12]. Secondly, these virulence factors have no noticeable functions in A. tumefaciens 
other than their role in the infection process, as evidence from the presence of avirulence A. 
tumefaciens which lacks the Ti-plasmid [13]. Therefore, in A. tumefaciens, this process is 
tightly regulated by VirA/VirG Two-component regulatory system. The Two-component 
regulatory system consists of VirA and VirG which are encoded on the Ti-plasmid, and a 
chromosomal gene, ChvE [14, 15]. These factors are crucial for efficient induction of A. 
tumefaciens as mutation in these factors inhibit A. tumefaciens induction even in the presence 




Extensive studies on A. tumefaciens have revealed that virulence genes can be induced by 
several factors, both chemical and environmental. One of the first A. tumefaciens-inducing 
factors identified were the phenolic compounds, hydroxyacetosyringone and acetosyringone 
[18, 19]. Subsequent identified A. tumefaciens inducers were shown to bear similar structure 
to acetosyringone [20, 21]. Besides these phenolic compounds, several monosacchrides, such 
as arabinose, celliose, glucose, galactose and xylose, are also involved in induction of A. 
tumefaciens [22, 23]. Amount these, acidic sugar such as D-glucuronic and D-galacturonic 
acid exhibit strong A. tumefaciens inducing capacity, suggesting induction is more favourable 
at lower pH [24]. Indeed, it was shown that at high or neutral pH, the level of induction is less 
efficient [24].  
 
Till date, it is still unclear how these factors cooperate to affect the level A. tumefaciens 
induction. Work done by Cangelosi et al have shown that in the presence of only the phenolic 
compounds, a low but noticeable level of induction is detectable, however, the induction 
efficiency increases when monosacchrides were also presence [22]. The role of 
monosacchride in A. tumefaciens induction is still debatable. One group has reported that the 
presence of two sugars, fucose and arabinose is sufficient to initiate A. tumefaciens induction, 
even in the absence of phenolic compounds [22]. However work done by Shimoda et al 
suggested otherwise. From their studies, he observed that the presence of glucose alone is not 
enough to trigger the induction process, suggesting that phenolic compounds play an 
important role in A. tumefaciens induction [23]. The differences observed by two different 
groups might stem from the different A. tumefaciens strains and different type of 
monosacchrides used in their respective studies. Nonetheless, it is currently clear that A. 
tumefaciens induction is a highly complicated and tightly regulated process. 
 
Unlike the other Ti-plasmid encoded virulence genes, virA and virG are the only two 
constitutive expressed virulence gene. However, their expression level can be altered via pH 
level, phosphate level and chvD, a chromosomal gene [14, 25]. Base on structural analysis, 
VirA protein (belongs to a class of histidine protein kinases) consists of not less than four 
domains and was proposed to be a transmembrane protein [26, 27]. This transmembrane 
conformation suggests that VirA might function as a extracellular sensor for environment 
condition, possibly recognising induction signal (phenolic compounds) released by wounded 
plant [26].  VirG, on the other hand, was identified as a response regulator protein, with the 
N- terminal functions as receiver for signal passed down from VirA via phosphorylation. On 
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the other hand, the C- terminal functions as transcription factor regulates virulence genes 
transcription [28]. It was shown that upon recognition of inducing factors, phosphorylated 
VirA kinase phosphorylates VirG. Although the exact consequence of VirG phosphorylation 
is unclear, it was postulated that this might lead to higher binding affinity to the vir promoters 
containing T(GAT)CAATTG(ATC)AA(TC) conserved sequence [29].  
 
Besides VirA, chromosomal gene chvE was also shown to play a role in induction vir gene 
expression, as chvE mutation decreases vir induction severely [15]. Other possible functions 
of ChvE include active transport and chemotaxis. Unlike VirA, chvE recognises 
monosaccharide as inducing signal. It is likely that the signal received by ChvE protein is 
also transduce through VirA, as deletion of VirA periplasmic domain renders A. tumefaciens 
insensitive to monosaccharide [22, 23, 30]. Through this intricate Two-component regulatory 
signalling pathway, the expression of virulence gene is tightly regulated and at the same time, 
linked to the external environment of A. tumefaciens. 
 
1.3 Generation of single-stranded T-DNA from Ti-plasmid after A. tumefaciens 
induction 
Besides expression of virulence proteins upon A. tumefaciens induction, T-DNA is also 
generated from the Ti-plasmid. Single-stranded T-DNA generated in A. tumefaciens will 
ultimately be secreted into the host cell via the T-pilus as T4SS substrate. This delicate 
process is facilitated by, but not limited to, several virulence proteins encoded on the Ti-
plasmid. Early studies have shown that the flanking regions of the T-DNA is crucial for its 
separation from the Ti-plasmid [11]. The flanking regions consist of 25 bps repeat sequence, 
aptly termed the Left and Right border which are mapped to the 3’ and 5’ end of T-DNA 
respectively [31]. These T-DNA borders served as recognition site for the DNA endonuclease 
where the bottom strand of Ti-plasmid is nicked between the third and fourth base of the 25 
bp repeats upon A. tumefaciens induction. The nicked site now served as sites for initiation 
and termination for production of single-stranded T-DNA. After the single-stranded T-DNA 
is released from the Ti-plasmid, possibly through the action of helicase, the nicked 3’ end of 
the Right border served as priming site for the synthesis of the new T-DNA on the Ti-plasmid 
as replacement [31]. In general, it was observed that only a single copy of T-DNA is 




Several virulence proteins are involved in the production of single-stranded T-DNA from the 
Ti-plasmid. It was shown that in the absence of VirA and VirG, no T-DNA was produced, 
suggesting that the T-DNA production process is dependent on the A. tumefaciens induction 
status [32, 33]. Furthermore, in the absence of VirD1 and VirD2, the production of T-DNA is 
inhibited [34]. Together, these observations provide concrete evidences of vir protein 
involvement in formation of single-stranded T-DNA. However more in depth study have 
shown that VirD2 alone is sufficient to induce nick at the T-DNA borders in E. coli, 
suggesting that VirD2 process the endonuclease activity instead of VirD1 [35].  
 
Previously, a yet to identified helicase of chromosomal origin was believed to be involved in 
the generation of T-DNA by releasing the nicked T-DNA strand from the Ti-plasmid [2]. 
However recent studies have revealed that VirD1 and VirD2 might be involved, at least in the 
initiation of the unwinding process. This is because VirD1 and VirD2 expressed in E. coli 
showed show strong affinity to relaxed double-stranded plasmid containing T-DNA border 
sequences [36].  
 
Naked T-DNA is vulnerable to endonuclease activity in both the bacterium and host cell, 
therefore the exposed end of the T-DNA needs to be protected to ensure successful infection 
of the host. Indeed, VirD2 was found to bind covalently to the 5’ end of the T-DNA and this 
interaction is resistance to harsh denaturing condition [36]. Besides VirD2, VirE2, a single-
strand DNA binding protein, also interact with T-DNA in the host cell, protecting the single-
stranded T-DNA from degradation.  
 
Researches have shown that a 24 bp flanking sequence of the Right borders sequence, termed 
overdrive, was able to positively regulate the generation of single-stranded T-DNA by 
binding to VirC1. More efficient tumour formation was observed when VirC1 was 
overexpressed [37]. Indeed, more recent study has demonstrated that VirC1 is able to 
promote generation of multiple T-DNA copies in A. tumefaciens through interaction with 
VirD2, VirC2 and VirD1 [38].  
 
1.4 Attachment of A. tumefaciens to wounded site of plant 
Intimate contact between A. tumefaciens and the targeted host cell is the prerequisite for 
transfer of protein and DNA to the host cell. In a quantitative-binding assay performed by 
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Neff and Binns, attachment between A. tumefaciens and host can be broadly classified into 
non-specific and specific binding [39]. Non-specific attachment between the bacterial and the 
host can be readily dissociate, while associated via specific attachment is more resistance to 
repeated washing [39]. Subsequent studies have shown that the attachment event was 
independent of bacterial factors encoded on Ti-plasmid, as Ti-plasmid deficient A. 
tumefaciens is still able to form stable attachment with targeted host cell [39, 40]. Instead, 
chromosomal encoded genes, chvA, chvB and exoC, are involved in the bacterial attachment 
process. These genes were showed to be involved in the synthesize and localisation of β-1,2 
glucan, a cell wall glycoprotein required for attachment. In another study, pre-treatment of 
plant with soluble pectic cell wall fractions resulted in decrease specific attachment efficiency 
between the bacteria and plant, indicating the presence of a yet to identified receptor-like 
component in the plant cell wall [41]. In more recent study, several A. thaliana mutants that 
are resistance to A. tumefaciens transformation have identified [42]. Further analysis revealed 
that some of these mutants were unable to bind to A. tumefaciens efficiency. Interestingly, 
one of the mutants was identified to be deficient in synthesis of cell wall arabinogalactan 
protein. From these report, it is clear that cell wall integrity and cell wall related proteins are 
crucial for efficient A. tumefaciens attachment [42, 43]. 
 
1.5 Expression and assembly of virB/D4 T-pilus 
In A. tumefaciens, virulence factors and T-DNA are delivered into the host or targeted cells 
through T-pilus, which belongs to a highly diverse secretion system known as Type 4 
Secretion system (T4SS). The diverse T4SSs can be found in almost all bacterial and certain 
species of archaeal bacteria [44-47]. One of the most well understood T4SS is the VirB/D4 
system in A. tumefaciens. VirB/D4 belongs to the effector translocators subfamily of T4SS 
(the other subfamily being the conjugation machineries) which is responsible for delivery of 
virulence proteins, such as VirD2, VirE2, VirF, and the oncogenic T-DNA into plant cell 
[48]. In A. tumefaciens, the VirB/D4 secretion system consists of 11 VirB proteins and a 
single VirD4 protein encoded by virB and virD4 operon (on Ti-plasmid) respectively [49]. 
Upon induction, these virulence proteins assemble into a transmembrane macro-complex via 
a well-orchestrated biogenesis pathway which we only beginning to understand. 
 
In Gram-negative bacteria, fully synthesize T4SS complex can be further classified into four 
distinct subassemblies. The first subassembly is a hexameric ATPase which function as a 
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type 4 couple protein (T4CP). The function of T4CP in the translocation process is to couple 
the protein and DNA substrates to the translocation machineries.  In A. tumefaciens, VirD4 
functions as coupling protein/ substrate receptor. VirD4 protein processes a conserved 
Walker A and B nucleoside triphosphate binding domain, and has the ability to perform ATP 
hydrolysis [50-53]. The second subassembly is the inner membrane complex (IMC) which 
translocates the substrate across the inner membrane of A. tumefaciens. IMC in A. 
tumefaciens consists of several transmembrane proteins such as VirB3, VirB6 (polytrophic) 
and VirB8 (bitopic). Besides these transmembrane proteins, IMC composes of VirB4 and 
VirB11 ATPases [49]. The third distinct subassembly is the outer membrane complex (OMC) 
which is needed for the transfer of substrate across the intramembrane space and also the 
outer membrane. In A. tumefaciens, OMC is further divided into the core complex and the 
translocation channel. The core complex consists of lipoprotein VirB7, VirB9 and VirB10. 
The channel complex functions as conjugative pilus which comes in close intimate contact 
with the targeted cell. The composition of the channel complex is still unclear, however, it is 
believed that the channel is makeup of small pilin subunit VirB2 and part of VirB8 and VirB9 
[49, 54, 55]. In addition, the T-pilus is capped with virB5 (see below) which was suggested to 
function as adhesion during host-pathogen interaction [56]. 
 
Through extensive research, a four-stage model has been proposed for the biogenesis of the 
T4SS VirB/D4 complex in A. tumefaciens [49]. In stage 1, the core complex (not to be 
confused with the one below) consists of VirB4, VirB7, VirB8, VirB9 and VirB10 is formed. 
Prior to the formation of this stable substructure, VirB7 and VirB9 are recruited to the outer 
membrane through a secretion mediated pathway [57]. Subsequently, a multimeric complex 
consisted of VirB7 and VirB9 is formed at the outer membrane, and this VirB7-VirB9 
complex could stabilise the core complex through interaction with the inner membrane 
proteins, VirB8 and BirB10. In addition, the inner protein VirB4 is also recruited to the core 
complex through interaction with VirB8 and VirB10 [58]. 
 
Stage 2 of the T4SS complex synthesis involves the recruitment of VirB2, VirB3 and VirB5 
to the core complex, forming a transmembrane complex which consisted of VirB2 to VirB10 
[49]. Based on various biochemical studies, VirB2, VirB3 and VirB5 were found to form a 
discrete subassembly (also known as the pilus assembly) independent of the core complex 
prior to association with the core complex [49, 59, 60]. Works done by Yuan et al have 
revealed the assembly sequence of the pilus assembly and the core complex [61]. Prior to 
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assembly, VirB4 protein interacts with and stabilises VirB3 and VirB8 at the inner 
membrane. Subsequently, the periplasmic domain of VirB8 protein interact with VirB5, 
allowing VirB5 to form complex with VirB2, a process thought to involve VirB6 and VirB10 
[61].  
 
In Stage 3, VirB11 homohexameric is recruited to the T4SS complex assembled in the 
previous two stages (stage 2 substructure), based on the observation that VirB11 is required 
for T-pilus formation and substrate secretion but not required for assembly stage 2 
substructure [62-64]. Studies have shown that by utilising its ATPase activity, VirB11 is able 
to induce conformation changes to its structure, which will in turn influence the assembly of 
the membrane bound T4SS complex, specifically, promoting the extension of VirB2 T-pilus 
across the cell membrane [65, 66]. In addition, the ATP-dependent conformation changes 
induce in VirB10 mediated by VirB11 is required for the secretion of protein and DNA from 
the A. tumefaciens [67].  
 
During stage 4 of the biogenesis, the pathway is split into two different routes; the assembled 
complex can either proceed for pilus generation of secretion channel formation [49]. As 
mentioned earlier, the VirB2 pilus formation required active involvement of VirB11 
ATPases. In this process, the T-pilus is extended from the inner membrane T4SS complex via 
polymerisation of pilin monomers [61]. For secretion channel assembly, VirD2, the Type 4 
couple protein (T4CP), is recruited to the T4SS complex by several subunits (VirB4, VirB10 
and VirB11) of the stage 3 substructure. [68, 69]. This assembled secretion complex is not yet 
active, and researches have suggested that in order to achieve channel activation, substrates 
must be presence and bind to T4CP and ATP energy expenditure is also required [49].  
 
Through various genetic, biochemical and structural studies, the route of substrates secretion 
by T4SS in A. tumefaciens has been speculated. Using transfer DNA immunoprecipitation 
(TrIP), T4SS components that come in contact with T-DNA during translocation was 
identified [54]. With this method, T-DNA was observed to interact with VirD4 (T4CP), 
VirB11 (ATPase), VirB6 and VirB8 (IMC), ViB2 and VirB9 (OMC) [54]. This study also 
reveals that the T-DNA first comes in contact with VirD4, which functions as the substrate 
receptor. Subsequently, the T-DNA was then transferred to VirB11 ATPases which in turn 
transfer the substrate to VirB6 and VirB8 for transfer across the inner membrane. To 
transverse through the periplasmic and outer membrane, the T-DNA was passed on to VirB2 
26 
 
and VirB9 which constitute the T4SS channel within the core complex consisted of VirB7, 
VirB9 and VirB10. Currently, it is believed that T4SS substrates are also secreted to the cell 
surface via this pathway [70, 71].  
 
The secretion pathway described above depicts the general route of secretion. However, 
secretion pathway can be further classified into different category, namely (i) T4CP-
dependent translocation, and (ii) T4CP-independent translocation pathway [72].  
 
Substrates that are secreted via T4CP-dependent pathway usually harbour translocation 
signals that can be found either at the unstructured C-terminal which are enriched with 
clusters of hydrophobic/ positive charge residues or at the non-terminal regions [72]. In A. 
tumefaciens, VirF and VirE2 protein were shown to be translocated via the TC4P-dependent 
pathway with secretion signal localised at the C-termini [73]. Further analysis revealed that 
this minimal domain harbour a R-X(7)-R-X-R-X-R consensus sequence, which is believe to 
be needed for export of VirE2 and VirF through the T4SS [73]. TraA, which is a relaxase 
encoded by Ti-plasmid of A. tumefaciens strain C58, contains not only translocation signal at 
the C-terminal, signal can also be found at the internal region, and this region is termed Beps-
(Bartonella-translocated effector proteins) intracellular delivery domain (BID) [74]. Some 
time, the presence of secretion signal is not sufficient for the translocation of the substrate, 
and in these cases, adaptor or chaperone proteins are needed. For example, the virulence 
factor VirE2 cannot be translocated by itself and VirE1 chaperone is needed to facilitate the 
secretion if VirE2 [75]. However, VirE1 does not directly involve in the coupling of VirE2 to 
VirD2, instead VirE1 chaperone binds to VirE2 to prevent self-aggregation, ensuring that the 
C-terminal of VirE2 is accessible for docking with VirD4 [75-78]. In contrast, secretion of 
substrates via T4CP-independent translocation pathway more uncommon, and has not been 
observed in A. tumefaciens.  
 
Little is known what or how the T4SS is being activated. However recently studies have 
shown that  the VirD2-T-DNA nucleoprotein complex is required for the activation of T4SS 
secretion channel by induction conformation changes to VirB10, a process not found to be 
induced by other virulence protein, hinting that VirD2-T-DNA complex might be the key to 





1.6 Delivery of substrates into the host cell 
After secreting from A. tumefaciens, the virulence proteins and T-DNA are required to pass 
through the host cell wall and membrane in order to enter the host cell. However, how this 
process took place is still unclear. In bacteria conjugating system involving T4SS-mediated 
(IncP) plasmid transfer, Schroder and Lanka have shown that the pilus is involved in 
mediating the interaction between the donor and recipient bacterial cell [80]. However it was 
further shown that no pilus protein is presence at the mating junction, where the membrane of 
donor and recipient cells fused. In addition, it was also shown that in the absence of fully 
developed pilus, delivery of substrate is not entirely abolish, therefore, these observation 
casts doubts over the involvement of pilus in the membrane fusion process [80-82].  
 
Compared to the conjugation systems, lesser is known about the substrate delivery process 
that is mediated by VirB [83]. The ever increasing inter-kingdom host-range of A. 
tumefaciens seems to imply that the physical interaction between the bacteria and the host is 
either non-specific or mediated by a highly conserved host factors. We have to be mindful 
when drawing any conclusion regarding the specificity of host-pathogen interaction based 
purely on the A. tumefaciens’s diverse host-range. In this regard, one have to take the 
efficiency of the transformation into consideration, as the efficiency of transforming non-
natural host or using non-specific delivery pilus, differs by magnitude of several orders [84, 
85]. These observations suggest that the T4SSs might be evolved to utilised specific host 
surface factors, while at the same time retain ability to utilise diverse host surface protein, 
albeit with lower efficiency [83]. Nonetheless, some, but limited process has been made to 
elucidate the delivery process.  
 
In a Yeast-2-hybrid screening assay using VirB2, the major subunit of T-pilus, has identified 
three novel interactions between VirB2 and host protein (BTI1, BTI2 and BTI3) [86]. Further 
analysis of these proteins might provide useful insight into the substrate delivery process. 
Recently, through electron microscopy, purified VirB5, the minor subunit of T-pilus, was 
observed to exhibit certain level of affinity to the host cell surface [56], suggesting that they 
might play a role in the delivery process by interacting with host surface protein(s). 
Furthermore it was shown that by supplementing extracellular VirB5 during cocultivation, 
increases the transient transformation efficiency of sugar beet, a crop which is usually 
resistant to A. tumefaciens mediated transformation [87]. Based on these observations, the 
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potential roles of VirB5 in delivery of substrates could not be neglected, however further 
studies are needed to validate this.  
 
Through a biophysical study, VirE2, one of the most abundant virulence proteins, was shown 
to have the capacity to form pores on synthetic membrane [88]. This observation has led to 
the hypothesis during delivery process; VirE2 might be able to insert itself into the host 
membrane, forming pores on the membrane barriers, thereby facilitating the entrance of both 
itself and other substrate into the host cell. Another interesting experiment performed by 
Grange et al has also shown that transient expressed VirE2 in tabacco cells is involve actively 
in pulling the single-stranded T-DNA into the host cell [89]. However it was already known 
that even in the absence of VirE2, VirD2 can still be delivered into the host cell albeit at a 
lower level [90], contradicting the VirE2 pore formation hypothesis.  
 
1.7 Nucleus targeting and import of T-DNA 
In order to complete the genetic transformation of the host, T-DNA delivered into the host 
cell is required to enter the nucleus where it will be integrated into the host genome. Given 
the importance of this process, T-DNA nucleus trafficking and importation have received 
much attention over the past decades. As a result, this process is one of the most described 
and well understood one.  
 
Nucleus targeting and import of T-DNA in the host cell involve both virulence proteins and 
factors of host origin. From the bacteria, two NLS containing virulence proteins, VirD2 and 
VirE2, were identified as the major players involved in the nucleus targeting of T-DNA. 
VirD2 contains two NLS sequences, a bipartite NLS at the C- terminal and a monopartite 
NLS at the N- terminal [91]. When fused with reporter protein, the C-terminal bipartite NLS 
is able to drive the fusion protein into the nucleus not only plant, but also in animal and S. 
cerevisiae [92-96]. The N-terminal NLS was also shown to have the capacity to drive nucleus 
importation in plant. However, it is unlikely that the N-terminal NLS is crucial for 
transformation as this NLS is situated in close proximity to T-DNA binding site, and is likely 
to be obstructed upon covalent linkage with T-DNA, preventing effective nucleus localisation 
[97]. In an in vitro experiment, fluorescently labelled ssDNA coated with only VirE2 
displayed nucleus localisation capacity when injected into plant cell, while those that are not 




Unlike VirD2, VirE2 contains two bipartite NLS that are able to facilitate nucleus localisation 
of the fusion reporter [95, 99]. Based on this, it was speculated that VirE2 is also involved in 
nucleus localisation of T-DNA. Indeed study performed by Gelvin and colleague has shown 
that virE2-/virD2- double knockout A. tumefaciens mutant is still able to transform plant 
expressing VirE2 implying the potential functionality of VirE2 in nucleus targeting of T-
DNA [100]. However, it was reported in another study that in the absence of a functional 
VirD2, VirE2 alone is insufficient to drive nucleus localisation of T-DNA, contradicting 
previous study [101]. Perhaps this contradiction stems from virE2’s role in protecting the 
single-stranded T-DNA, as the DNA-protecting and nucleus localising functions cannot be 
easily distinguished in such simple experiments. Therefore more studies will be needed to 
delineate and validate the functions of VirE2 as the nucleus driving factor for T-DNA during 
A. tumefaciens mediated transformation.  
 
Besides virulence factors from A. tumefaciens, nucleus localisation and targeting is also 
dependent on host factors. Host factors usually facilitate T-DNA nucleus targeting via 
interaction with either VirD2 or VirE2. 
 
Using A. thaliana and S. cerevisiae as model, interaction between VirD2 and various 
importin isoforms has been studied extensively. However till date, due to contradicting 
evidence, the exact identity of the importin involved in T-DNA nucleus localisation is still 
unclear. In A. thaliana, nine importin isoforms were identified, and their potential interaction 
with VirD2 was assessed. Initially, IMPa-1 of A. thaliana was shown to interact with C-
terminal NLS of VirD2 both in vitro and in S. cerevisiae [102]. Subsequently, all nine 
importin isoforms of A. thaliana were shown to have interaction with VirD2 when assessed 
in vitro and in S. cerevisiae [103]. In plant, only IMPa-1, -4, -7 and -9 were shown to mediate 
the nucleus localisation of VirD2 when assayed using BiFc [103]. However when using 
genetic approach, only homozygous IMPa-4 knockout mutant displayed severe attenuation of 
A. tumefaciens mediated transformation, and this phenotypic defect can be further rescued by 
overexpression of IMPa-4 [103]. This data suggests that IMPa-4 is the preferential importin 





Beside interaction with importin(s), the phosphorylation status of VirD2 might also be 
important in mediating the localisation of T-DNA into the nucleus. VirD2 was first identified 
as phosphoprotein by two groups [104, 105]. Using Yeast-2-hybrid approach, VirD2 was 
shown to have physical interaction with various plant proteins which may function as VirD2 
kinase or phosphatase [105]. In particular, one of the VirD2 interacting partners was 
identified as tomato type 2C protein phosphatase (PP2C), which interacts with the C-terminal 
of VirD2, leading to dephosphorylation of VirD2. Further experiments have shown that the 
nucleus localisation pattern of GUS-VirD2 was disrupted when PP2C was overexpressed, 
resulting in localisation of GUS-VirD2 to the cytoplasm [105]. One of the likely site of action 
by PP2C might be serine394 which is located upstream of the VirD2 C-terminal NLS. 
However further work is needed to validate this. As for phosphorylation of VirD2, cyclin-
dependent Kinase activation kinase CAK2Ms were identified to be involved in regulating 
phosphor-status of VirD2 [104]. It was hypothesized that phosphorylation of VirD2 by 
CAK2Ms is required for VirD2’s interaction with TATA-box binding proteins, and this 
might in turn facilitate the nucleus importation of T-DNA via the chromatin targeting activity 
of this TATA-box binding protein [104].  
 
As oppose to VirD2, the role of host factor in mediating nucleus localisation of VirE2 is more 
complicated due to conflicting results. In a yeast-2-hybrid experiment, VirE2 does not seem 
to interact with any form of importin-α tested [102]. In a more comprehensive study where 
yeast-2-hybrid, in vitro pull-down and in planta BiFc were also used to assess the interaction 
between VirE2 and importins, VirE2 was shown to interact with more than one isoform of 
importin-α and the VirE2 domain involved in this interaction was also mapped [103].  
 
In a recent study, the involvement of an additional plant factor, VIP1, in the interaction 
between VirE2 and importin-α address the contradicting results mentioned earlier [106]. 
VIP1 (short for VirE2 interacting protein) was first identified to be crucial for AMT of plant, 
as transformation efficiency decreases in the presence of mutated VIP1, and increases when 
VIP1 is overexpressed [107-109]. Additional studies further showed that VIP1 can interact 
with both VirE2 and importin-α. Therefore, VIP1 is viewed as an adaptor which served to 
link VirE2 to importin- α [107, 109]. VIP1 was also shown to localise to both nucleus and 
cytoplasm in plant cell, depending on VIP1 phosphorylation status [106]. It was suggested 
that VIP1 is phosphorylated in response to pathogen infection, thereby mediating the 
localisation of VIP1-VirE2 complex into the nucleus, a process thought to be crucial for T-
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DNA nucleus localisation. However more work is needed to determine whether this model is 
true as more current researches reveal results which seem to suggest otherwise. 
 
1.8 Uncoating of T-DNA for genome integration 
Once inside nucleus, virulence proteins coating or attach to T-DNA have to be removed from 
the T-DNA from downstream processing of T-DNA. This process is thought to involve 
factors from both A. tumefaciens and host. From A. tumefaciens VirF, a F-box protein, is 
involved in the un-coating process through interaction with host SKP1 proteins [110, 111]. 
Together with SKP1 and VirF (F-box protein), CUL1 and RBX1 formed an SCF complex, 
which mediates the degradation of VirE2 through association with VIP1 [112, 113]. 
Interestingly, VirF protein itself is highly unstable and prone to degradation via the 
Ubiquitin-proteasomal system (UPS). To ensure high efficient un-coating of T-DNA, the 
activity and integrity of VirF is maintained by another bacterial effector, VirD5 [114]. In 
plant cells, VirD5 was found to interact with VirF directly, preventing or delaying premature 
degradation of VirF [114]. Besides VirF, another host protein was found to play similar 
function as VirF in mediating uncoating of T-DNA. This pathogen-induced host protein, 
VIP1-Binding F-box protein (VBF) was observed to interact with VIP1 and mediate its 
proteasomal degradation by SCF complex, which in turn leads to degradation of VirE2 [115, 
116]. The removal of VirE2 from the T-DNA by this pathway allows T-DNA to be integrated 
into the host genome (see Chapter 5 for a more detailed review on T-DNA integration).  
 
1.9 Objective of this study 
As evidence above, extensive studies performed on A. tumefaciens have provided much 
insight into the mechanism of host genetic transformation by A. tumefaciens. However 
several questions remain unanswered. For instances, how does the virulence proteins and T-
DNA pass through the cell membrane? What are the factors that affect the T-DNA stability in 
the cytoplasm? How T-DNA complex travel through the dense cytoplasm and ultimately into 
the nucleus? The list goes on. Therefore in this study, the main objective is to identify novel 
host factor(s) which plays a role in AMT of host, and also to determine how these factors 
mediate the transformation process. In addition, attempts were also made to visualise the 




Chapter 2 Materials and Methods 
 
2.1 Strains, culture medium, growth conditions and plasmids 
A. tumefaciens, S. cerevisiae and E. coli strains used in this study were listed in Table 1. 
Culture medium used in growing and maintaining these strains were listed in Table 2. For 
cultivation of A. tumefaciens, a single colony was picked from MG/L agar plate and 
inoculates into 1 mL liquid MG/L. Subsequently, A. tumefaciens was allowed to grow in 28 
oC incubator with 250 rpm agitation.  As for S. cerevisiae, cells maintained on YPD agar 
were picked and inoculate into 1 mL YPD liquid medium. S. cerevisiae was then allowed to 
grow in 30 oC incubator with 250 rpm agitation. S. cerevisiae mutant from the deletion 
library was identified and plated onto YPD agar to allow recovery from glycerol stock. E. 
coli strains used in this study were grown in liquid LB medium supplemented with 
appropriate antibiotic at 37 oC with 250 rpm agitation. Plasmid used in this study is described 
in Table 3. 
 
2.2 A. tumefaciens-mediated transformation of S. cerevisiae 
A. tumefaciens harbouring binary vectors were inoculated overnight in MG/L with 
appropriate antibiotics. After 16h inoculation, A. tumefaciens was subculture to OD600 of 0.1. 
Sub-cultured A. tumefaciens was allowed to grow for additional 8 hours or until OD600 
reached 1. When OD600 of sub-cultured A. tumefaciens reached 1, A. tumefaciens cells were 
harvested via pulse centrifugation and subsequently washed with induction medium, IBPO4. 
After washing, A. tumefaciens was resuspend in IBPO4, supplemented with appropriate 
antibiotics and 100 µM AS, to achieve OD600 of 0.3. For induction, A. tumefaciens was 
grown in IBPO4 for additional 16 h in 28oC. S. cerevisiae to be transformed by A. 
tumefaciens was inoculated in YPD overnight. Overnight S. cerevisiae culture was 
subsequently sub-culture to OD600 of 0.125 and allowed to grow for additional 4 h to OD600 
of 0.3. Subsequently, S. cerevisiae was co-cultivated with induced A. tumefaciens with ratio 
of 1:200. Co-cultivation was performed on CM agar where 100µL of A. tumefaciens and S. 
cerevisiae mixture were dropped on the plate and subsequently allowed to dry. After drying, 
the CM plate was kept in the 20 oC incubator overnight (24 h) away from light source. After 
24 h co-cultivation, A. tumefaciens and S. cerevisiae mixture was washed from the CM plate 
with 0.9% NaCl and plated onto both recovery (YPD agar) and selection plate (SD agar plate 
lacking the appropriate amino acid). For plating onto recovery plate, 20 000 to 100 000 times 
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dilution was performed and five to 20 times dilution was performed before plating onto 
selection plate (see Figure 2.1 for AMT work flow).    
 
2.3 Lithume Acetate mediated transformation of S. cerevisiae 
Lithume acetate transformation of S. cerevisiae was performed based on [117] with slight 
modification. S. cerevisiae strains were inoculate into YPD overnight and subculture to 
OD600= 0.3 prior to transformation. When OD600 reached 1, 1 mL of S. cerevisiae were 
harvested via pulse centrifugation, followed by 1x washing with sterilise dH2O and 1x 
washing with 100 mM Lithume Acetate. Transformation mixture contains 30% PEG, 100 
mM Lithume acetate, 10µg Herring sperm DNA and 200ng to 1µg of plasmid DNA. After 
washing, S. cerevisiae was mixed with the transformation mixture prior to heat treatment of 
37 oC for 30 mins. Subsequently, heat-treated S. cerevisiae was harvested via low speed 
centrifugation (600 rpm for 3 mins) and resuspended with 1 mL autoclaved 0.9% NaCl. After 
that, S. cerevisiae cells were plated onto appropriate SD dropout agar medium with 10x 
dilution for selection of transformants.    
 
2.4 Electroporation of A. tumefaciens 
Prior to electric treatment, overnight A. tumefaciens culture were subcultured to OD600 of 
0.1 mL-1. When OD600 reached 1.0, 1 mL of A. tumefaciens were harvested via pulse 
centrifugation. After harvesting, A. tumefaciens cells were washed once with 15% glycerol. 
Subsequently, A. tumefaciens was resuspended in 50 µL of 15% glycerol with 200 ng to 500 
ng of plasmid DNA. The cell suspension was then incubated on ice for 2 mins before 
transferring to pre-chilled 0.2 cm electroporation cuvette (Bio-Rad). Subsequently, 
electroporation was carried out using the Gene Pulser II electroporation system (Bio-Rad) 
with 25 µF Capacitance, 2.5 kV Voltage and 400 Ω was set for pulse controller. After 
electroporation, A. tumefaciens were transferred into 1 mL of MG/L and was allowed to 








Figure 2.1 Schematic representation of general S. cerevisiae AMT workflow 
In brief, S. cerevisiae was co-cultivated with A. tumefaciens overnight in 20 oC incubator. A. 
tumefaciens used in AMT usually harbour a binary vector which carries selection markers or 
reporters between the left and right border. Transformation efficiency was determined via 

















Table 1.  A. tumefaciens and S. cerevisiae strains used in this study  
Strains Relevant characteristics Source or reference 
A. tumefaciens   
EHA105 C58 strain containing pTiBo542 




EHA105-virE2-GFP EHA105 derivative, with GFP 
inserted into the N-terminal of 
virE2 on pTiBo542 
This study 
   
EHA105-virE::GFP EHA105 derivative, with GFP 
inserted into the permissive site of 
virE2 on pTiBo542 
[119] 
  
A348 A136 (pTiA6NC) (Octopine-type) [120] 
   
GV3101 C58 derivative. Disarmed Ti-plasmid. [121] 
 
E. coli   
DH5α EndA1 hsdR17 supE44 thi-1 recA1 




   
 S. cerevisiae     
BY4741 Mata his3Δ1 leu2Δ0 met15Δ0 URA3Δ0 Open Biosystems 
   















Table 2. Culture mediums used in this study  
Medium/Solution Preparation* Reference 
LB Tryptone, 10 g ; yeast extract, 5 g; NaCl, 10 
g   
[122] 
MG/L LB, 500 ml; mannitol, 10 g; sodium 
glutamate, 2.32 g; KH2PO4, 0.5 g; NaCl, 0.2 
g; MgSO4. 7H2O, 0.2 g; biotin, 2 g; pH 7.0 
[123] 
20 × AB salts NH4Cl, 20 g; MgSO4. 7H2O, 6 g; KCl, 3 g; 
CaCl2, 0.2 g; Fe SO4. 7H2O, 50 mg 
[123] 
20 × AB buffer K2HPO4, 60 g; NaH2PO4, 23 g; pH7.0 [123] 
IBPO4  20 × AB salts, 50 ml; 20 × AB buffer, 1 ml; 
62.5 mM KH2PO4 (pH 5.5), 8 ml; 30% 
glucose, 18g; autoclave separately 
[124] 
YPD Difco peptone, 20 g; yeast extract, 10 g; 
glucose, 20 g  
[125] 
SD (Yeast Minimal 
Media) 
Yeast nitrogen base without amino acids, 
6.7g; pH 5.8 
Clontech Laboratories 
SD Gal/Raf SD media with raffinose and galactose 
instead of glucose 
Clontech Laboratories 
ESM4 13.37 g DMEM powder per liter, 20 mM 
HEPES, 2 mM L-Glutamins, 1 mM non-
essentual amino acid, 1 mM Sodium 
pyruvate, 2 nM Sodium selenite, 100 μM 2-
Mercaptoethanol, 100 μg-100 U ml-1 
Penicillin-streptomycin, 15% FBS, 2 ng ml-1 
Human recombinant bFGF, 1% Fish serum, 




1/2 x Murashige & 
Skoog (MS) 
Murashige and Skoog basal medium lacking 
phytohormones, 2.2g; Sucrose, 10g; MES, 









































Table 3. Plasmids used in this study  
Plasmids Relevant characteristic Source or reference 
pHT101 Derivative of the binary vector pCB301, ligated at 
SalI site with pACT2, in which the GAL4AD gene is 
replaced by EGFP reporter gene at HindIII site; KmR, 
AmpR, 2µ origin, LEU2. 
This study 
pHT101-2A Derived from pHT101.  EGFP reporter restricted from 
pHT101 using HindIII restriction enzyme. This study 
pHT101-2µ Derived from pHT101.  2µ origin removed.  This study 
pHT105 Yeast expression vector. 2µ origin, ADH1 promoter 
and ADH1 terminator, URA3, AmpR This study 
pHT105-mon2 Yeast expression vector. 2µ origin, ADH1 promoter 
and ADH1 terminator, URA3, AmpR, S. cerevisiae 




Similar to pHT105-mon2, mon2 together with 5' and 






Yeast expression vector. 2µ origin, ADH1 promoter 
and ADH1 terminator, URA3, AmpR, Domain A-B of 





Yeast expression vector. 2µ origin, ADH1 promoter 
and ADH1 terminator, URA3, AmpR, Domain A-C of 





Yeast expression vector. 2µ origin, ADH1 promoter 
and ADH1 terminator, URA3, AmpR, Domain A-D of 





Yeast expression vector. 2µ origin, ADH1 promoter 
and ADH1 terminator, URA3, AmpR, Domain A-E of 





Yeast expression vector. 2µ origin, ADH1 promoter 
and ADH1 terminator, URA3, AmpR, Domain C-F of 





Yeast expression vector. 2µ origin, ADH1 promoter 
and ADH1 terminator, URA3, AmpR, Domain D-F of 







Yeast expression vector. 2µ origin, ADH1 promoter 
and ADH1 terminator, URA3, AmpR, Domain E-F of 




Yeast expression vector. 2µ origin, ADH1 promoter 
and ADH1 terminator, URA3, AmpR, Domain F of S. 




Yeast expression vector. 2µ origin, ADH1 promoter 
and ADH1 terminator, URA3, AmpR, Domain C of S. 





Yeast expression vector. 2µ origin, ADH1 promoter 
and ADH1 terminator, URA3, AmpR, Domain D of S. 





Yeast expression vector. 2µ origin, ADH1 promoter 
and ADH1 terminator, URA3, AmpR, DomainC-D of 





Yeast expression vector. 2µ origin, ADH1 promoter 
and ADH1 terminator, URA3, AmpR, Domain C of S. 
cerevisiae MON2 cds inserted into XmaI site. GFP 





Yeast expression vector. 2µ origin, ADH1 promoter 
and ADH1 terminator, URA3, AmpR, Domain D of S. 
cerevisiae MON2 cds inserted into XmaI site. GFP 





Yeast expression vector. 2µ origin, ADH1 promoter 
and ADH1 terminator, URA3, AmpR, Domain C-D of 
S. cerevisiae MON2 cds inserted into XmaI site. GFP 





Yeast expression vector. 2µ origin, ADH1 promoter 
and ADH1 terminator, HIS3, AmpR, mCherry 







Yeast expression vector. 2µ origin, ADH1 promoter 
and ADH1 terminator, HIS3, AmpR, mCherry 






Yeast expression vector. 2µ origin, ADH1 promoter 
and ADH1 terminator, HIS3, AmpR, mCherry 









Yeast expression vector. 2µ origin, ADH1 promoter 
and ADH1 terminator, HIS3, AmpR, mCherry 
inserted at XhoI site. HDEL ER retention signal 






Yeast expression vector. 2µ origin, ADH1 promoter 
and ADH1 terminator, HIS3, AmpR, mCherry 







Yeast expression vector. 2µ origin, ADH1 promoter 
and ADH1 terminator, HIS3, AmpR, mCherry 







Yeast expression vector. 2µ origin, ADH1 promoter 
and ADH1 terminator, HIS3, AmpR, mCherry 







Yeast expression vector. 2µ origin, ADH1 promoter 
and ADH1 terminator, HIS3, AmpR, mCherry 




pHT105-ARL1 Yeast expression vector. 2µ origin, ADH1 promoter 
and ADH1 terminator, URA3, AmpR, ARL1 of S. 
cerevisiae into XmaI site. GFP inserted at N- terminal 





Yeast expression vector. 2µ origin, ADH1 promoter 
and ADH1 terminator, URA3, AmpR, ARL1Q72L of S. 





Yeast expression vector. 2µ origin, ADH1 promoter 
and ADH1 terminator, URA3, AmpR, ARL1T32N of S. 





Yeast expression vector. 2µ origin, ADH1 promoter 
and ADH1 terminator, URA3, AmpR, ARL1G30A of S. 
cerevisiae into XmaI site 
 
This study 
pYES2 Yeast expression vector, 2µ origin, GAL1 promoter 
CYC1 terminator; URA3, AmpR. Invitrogen 
pYES2-GFP-
VirD2 
Yeast expression vector, 2µ origin, GAL1 promoter 
CYC1 terminator; URA3, AmpR, VirD2 fused with 
GFP at the N- terminal 
This study 
pTRV2 VIGS vector. KmR [128, 129] 
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pTRV2-GFP VIGS vector. KmR. GFP partial fragment inserted at 
HindIII site. This study 
pTRV2-mi7 VIGS vector. KmR. Partial nbmon2 sequence 
(700bases) inserted at XmaI site. This study 
pQH302 Derivative of the binary vector pCB301. URA3 
inserted between T-DNA left and right border; KmR, 
2µ absence This study 
pQH303 Derivative of the binary vector pCB301. URA3 gene 
flanked by Lys2 up and down stream sequence 
inserted between left and right border using Xma1 and 
Xba1 site; KmR, 2µ absence 
This study 
pQH304 Derivative of the binary vector pCB301. URA3 
inserted between T-DNA left and right border; KmR, 
























2.5 Heat-shock transformation protocol for A. tumefaciens 
Competent A. tumefaciens stored in -80 oC was allowed to thaw on ice for 7 mins before 200 
ng to 500 ng of plasmid DNA was added to the cell suspension. After that, the A. 
tumefaciens-plasmid mixture was cold-treated with liquid nitrogen for 10 mins. Subseqently, 
the tube was transferred to 37 oC incubator and incubate for 5 mins. After heat treatment, 1 
mL MG/L was added to A. tumefaciens suspension and incubated further in 28 oC incubator 
for additional 1 h. After recovery, A. tumefaciens was plated onto MG/L agar plate 
supplemented with appropriate antibiotics. To achieve single colony, a 10 time dilution was 
performed.  
 
2.6 Extraction of genomics DNA from S. cerevisiae and A. tumefaciens 
Prior to gDNA extraction, lysis of cells were required. For S. cerevisiae, cells were washed 
and resuspend in 1x TE (10 mM Tris-HCl,  1 mM EDTA). To lyse the cell, 20 units of 
lyticase were added to the cell suspension and subsequently incubate in 37oC for 1 h. For A. 
tumefaciens, lysis buffer (1xTE, 1% SDS) was added to the cell pallet. After resuspension, 
the mixture was incubated in 65 oC for 30 mins. After lysis, the lysate were used directly for 
gDNA extraction via phenol-chloroform gDNA extract method.  
 
Genomics DNA was prepared from cell lysate via standard phenol-chloroform DNA 
extraction protocol. In brief, after lysing of the cells, one lysate volume of phenol was added 
to the cell lysate and mixed thoroughly via vortexing. After vortexing, the solution was 
centrifuge at 12 000 rpm in 4 oC for 10mins. Remove and transfer the aqueous phase from the 
upper layer rapidly into a new tube without touching both the interphase and lower phase. 
Subsequently, add one volume of chloroform and vortex thoroughly before centrifugation at 
12 000 rpm in 4 oC for 10 mins. Similarly, after centrifugation, remove and transfer the upper 
aqueous phase into a new tube. To precipitate gDNA from the solution, 0.1 volume of 
Sodium Acetate (pH 5.2) and two volume absolute ethanol was added. The precipitation was 
carried out in -20 oC for at least 16 h before washed twice with 70% ethanol. After washing 
and drying, the DNA pallet was dissolved in appropriate amount of de-ionised water. The 
quality and quantity of the gDNA extracted was determined using Nanodrop 1000 




2.7 Manipulation of DNA and plasmid construction 
For amplification of gene from genomics DNA, primers were designed and ordered from 
AIT. High fidelity PCR amplification was carried out using KAPA HIFI PCR kit, with 
annealing temperature set at 5 oC lower than Tm of primer. Elongation was performed at 72 
oC and timing was calculated based on 1 Kb/min. Visiualisation of PCR products was done 
using standard Agarose gel electrophoresis with SYBR green staining.  
 
Restriction digestion of plasmid and PCR products was done using Restriction enzyme from 
either Fermentas or NEB. Usually, digestion was performed on 1µg of DNA at 37 oC for 1 h, 
unless stated otherwise. 1 unit of SAP (Fermentas) was also added to the digestion mix to 
minimise self-ligation of plasmid. Inactivation of the enzyme was carried out in either 80oC 
for 20 mins.  
 
Ligation of insert with linearized vector was performed using 1 unit of ligase purchased from 
Enzymatics. The reaction was carried out either at room temperature for at least 1 h or in 4 oC 
overnight. Usually, a plasmid to insert ratio of 1:3 was used unless stated otherwise. 
 
Ligated vector was introduced into competent DH5α via standard heat-shocked protocol. In 
brief, ligated vector was added to newly thaw competent DH5α and kept on ice for additional 
20 mins. After which, the mixture was heat treated for 1.5 min and kept on ice for 2 mins 
before addition of LB medium. Subsequently, DH5α was allowed to recover in 37 oC for 1 h 
before plating onto LB agar supplemented with appropriate antibiotic. After plating, 
transformed DH5α was grown overnight in 37 oC for selection of transformants. 
Subsequently, colony PCR was performed for identification of positive clone. Colony PCR 
was performed using TaqB enzyme purchased from enzymatic. Positive clone was isolated 
and inoculated in 1 mL LB liquid medium supplemented with appropriate antibiotic. The 
culture was then incubated in 37 oC shaker overnight, and plasmid was extracted from the 
overnight culture using miniprep plasmid extractic kit (Axygen). To validate the sequence of 
the insert, 50 to 150 ng of the plasmid DNA was used for BD sequencing (ABI).   
 
2.8 Real-time PCR 
Real-time quantitative PCR was performed using SuperReal PreMix plus (Tiangen) SYBR 
green reaction mix and CFX384 Touch (Bio-Rad) thermocycler. For detection of T-DNA in 
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A. tumefaciens and A. tumefaciens transformed S. cerevisiae, 20 ng of gDNA was used as 
template. For detection of cDNA level, 100 ng of gDNA was used as template.  
 
2.9 DNAse activity assay 
DNAse activity assay was performed as described in [130] with slight modifications. S. 
cerevisiae crude lysate were prepared from S. cerevisiae subculture to OD600 of 1. After 
washing once with PBS, S. cerevisiae pallet was resuspended in 1x PBS supplemented with 
10 mg of acid wash glass beads (400 to 600 μm). After resuspension, the cell mixture was 
vortexed vigorously at room for 10 mins for lysis. After lysis, the cell mixture was 
centrifuged briefly and the resulted supernatant was collected as crude lysate that were be 
used for subsequent DNAse activity assay. In this assay, the stability of single-stranded DNA 
plasmid was tested in the presence of the crude lysate prepared from S. cerevisiae. The 
digestion reactions were then incubated in 37 oC in order for digestion of DNA to take place. 
Subsequently, the level of DNA remained were quantitated via standard agarose gel 
electrophoresis with SYBR staining.  
 
2.10 Attachment assay and Flow cytometry analysis 
To allow attachment of A. tumefaciens to S. cerevisiae cell, cocultivation was performed as 
described in 2.2. However, in order to detect the attachment event, GFP-labelled A. 
tumefaciens was used. After 24 h cocultivation, A. tumefaciens and S. cerevisiae were washed 
from the CM agar plate using 1x PBS. Subsequently, unbound A. tumefaciens was removed 
via washing three times with 1x PBS. After washing, the cell pallet was resuspended in 1 mL 
of 1x PBS before analysis via flow cytometry. Flow analysis was performed using Becton-
Dickinson (BD) Fluorescence Activated Cell Sorter (FACS) FACSAria II. To detect GFP 
signal originated from A. tumefaciens, excitation laser of 488 nm was used. For separation of 
A. tumefaciens and S. cerevisiae, the following gating criteria were used. 
 
2.11 Fluorescent in situ hybridisation for detection of T-DNA 
Prior to FISH, S. cerevisiae were cocultivated with A. tumefaciens (EHA105-pHT101) as 
described in 2.2. After co-cultivation, S. cerevisiae and A. tumefaciens were washed from CM 
agar with 1x PBS. A. tumefaciens were removed from S. cerevisiae via repeated washing (3x) 
with 1x PBS and low speed centrifugation. FISH was performed based on protocol described 
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in [131] with slight modification. After removal of A. tumefaciens, S. cerevisiae was fixed 
with 4% formaldehyde in 1x PBS at 28 oC. After fixing, S. cerevisiae were treated with 
lyticase to remove the cell wall which will hinder the entry of probes into the cell. 
Subsequently, lyticase treated S. cerevisiae was added to poly-Lysine coated glass coverslip 
and cells were allowed to settle for 30 mins in 4 oC before excess cell were removed by 
washing with Buffer B (1.2 M sorbitol, 100 mM KHPO4, pH7.5), leaving a monolayer of 
cell. After washing, 70% Ethanol were added to the coverslip and kept in -20 oC for at least 
three hours in order to dehydrate the cells. After that, 70% Ethanol were removed and cells 
were rehydrated twice with 2x SSC at RT for 5 mins. While washing, 200 ng of probes were 
added to hybridisation mix containing 40% formamide, 10 mM NaHPO4, 2 mg/mL BSA and 
10 µg ssDNA. After washing, 20 µL of hybridisation mix were added to the coverslip. 
Subsequently, hybridisation was carried out in humidity chamber in 37 oC overnight, away 
from light source. After hybridisation, the coverslip was washed once with pre-heated 2x 
SSC containing 40% formamide at 37 oC, once with 2x SSC with 0.1% triton at RT and 
finally once with 2x SSC at RT. Washing was performed for 15 mins at each step unless 
stated otherwise. After washing, the coverslip was further incubated in 1x PBS containing 
DAPI for additional 20 mins. After staining with DAPI, the coverslip was washed once with 
1x PBS to remove excess DAPI. Subsequently, the coverslip was dried in absolute ethanol 
before mounting onto the glass slide. Mounting was performed with anti-fade mounting 
solution. After mounting, the edges of the coverslip were sealed with nail polish and allowed 
to dry before observation via fluorescence or confocal microscope.   
 
2.12 Protein extraction from S. cerevisiae  
Protein crude lysate of S. cerevisiae was prepared via either sonication or freeze-thaw 
method. For sonication, appropriate amount of S. cerevisiae were resuspended in 1x PBS 
containing 0.1 mM PMSF and 0.5 mM DTT. The cell suspension was then subjected to eight 
sonication cycle with 30 s on and 30 s off. Note that 100% power sonication power was and 
the cell suspension was constantly kept on ice to prevent overheating of protein sample which 
lead to degradation. Similarly, for freeze-thaw approach, S. cerevisiae was also resuspended 
in protein extraction buffer containing 0.1 mM PMSF and 0.5 mM DTT in 1x PBS. The cell 
suspension was subjected to eight rounds of freeze-thaw cycle. Freezing of samples were 
performed using liquid nitrogen, and thawing were performed in 37 oC. After lysing, the cell 
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debris were removed via centrifugation at 12 000 rpm in 4 oC.The supernatant was kept for 
subsequent studies.  
 
2.13 PAGE and western-blot 
Separation of protein sample was performed using standard polyacrylamide gel 
electrophoresis. Running buffer used contained 25 mM Tris, 192 mM glycine and 0.1% SDS. 
2x Laemmli protein loading buffer containing 4% SDS, 20% glycerol, 10% 2-
mercaptoethanol, 0.004% bromphenol blue and 0.125 M Tris HCl (pH 6.8) was added to 
protein sample before loading. After preparation, electrophoresis was performed at 100 to 
150 volt for at least 2 h.  
 
For visualisation of the protein, staining was performed with either silver staining  if more 
sensitive detection is needed [132]. Otherwise, InstantBlue (Expedeon) protein stain was 
used. If western-blot is required, the gel was destained after staining with commasie blue. For 
western-blot, the protein was transferred onto PVDF membrane (Bio-Rad) using standard 
protocol [133]. Transfer buffer consist of 25 mM Tris-HCl (pH 7.6), 192 mM glycine, 20% 
methanol and 0.03% sodium dodecyl sulfate (SDS). The transfer was performed on ice for at 
least 3 h with constant current ranging from 200 to 300 mA. After blotting, blocking of the 
membrane was done with 5% non-fat milk in 1x PBS for at least 1 h. For detection of protein 
of interest, primary anti-body was added with dilution of 1: 2000 after washing of at least 3x 
with 1x PBS. The membrane was incubated with the anti-body for at least 1 h in room 
temperature or overnight in 4 oC. After incubation with the anti-body, the membrane was 
washed for at least 4 times with 1x PBS. Subsequently, appropriate HRP conjugated 
secondary anti-body was added to the membrane with dilution of 1: 10 000. The membrane 
was incubated with the secondary anti-body in 37oC for at least 1 h. After incubation with 
secondary anti-body, the membrane was washed for at least 4 times in 1x PBS. For 
visualisation of the protein bands specific to the anti-body, ECL chemiluminescent substrate 
(Pierce) was added to the membrane and kept in RT for 5 mins with agitation. After 5 mins, 
the excess substrate was drained and the membrane was sandwhiched with photographic film 
(Bio-Rad) for at least 5 mins. Subsequently, the film was developed. If no band was 




2.14 S. cerevisiae chronic treatment with methyl methanesulfonate 
Prior to MMS treatment, S. cerevisiae were cultured overnight and subsequently subcultured 
to OD600 of around 1. Subsequently, around 100 cells were plated onto YPD agar plates 
consisted of MMS concentration ranging from 0 to 0.04%. After plating, S. cerevisiae were 
incubated in 28 oC incubator for at least 3 days where the survival rate of S. cerevisiae strains 
was determined by counting the number of colonies formed on the plate.  
 
2.15 UV irradiation of S. cerevisiae 
Before UV treatment, equal amount of S. cerevisiae were plated onto YPD agar plate. After 
plating, UV irradiation was performed in UV crosslinker (UVC 500 Hoefer) with 254 nm 
wavelength. To induce DNA damage, S. cerevisiae plated on YPD agar were exposed to UV 
intensity ranging from 0 µJ/cm2 to 1100 µJ/cm2. After UV irradiation, S. cerevisiae were 
allowed to recover for at least three days in 28 oC incubator. The survivability was 
determined via manual counting of the colonies.  
 
2.16 Plant and plant growth condition 
N. benthamiana seedling was germinated and growth in growth room with constant 
temperature of 20 oC. Light and dark cycle was set at 8 h light and 16 h dark. Soil moisture 
was maintained by watering at least once every two days.  
 
2.17 Agro-infiltration of N. benthamiana leaf 
For infiltration of N. benthamiana leaf, A. tumefaciens were inoculated in MG/L liquid 
medium and incubate overnight in 28 oC. Appropriate amount of overnight A. tumefaciens 
culture were harvested and wash twice in infiltration buffer (50 mM MES pH5.6, 2 mM 
Na3PO4, 0.5% glucose and 100 µM Acetosyringone). After washing, A. tumefaciens was 
resuspended in infiltration buffer, infiltrated into N. benthamiana using a 1 mL syringe from 
the dorsal side of the leaf. After infiltration, N. benthamiana plant was kept in dark overnight 
before returning to the normal growth condition. Transient gene expression can be detected 




2.18 Leave discs and stem tumorigenesis of N. benthamiana 
For tumorigenesis, A348 A. tumefaciens strain was used. Similarly A348 was inoculated in 
MG/L overnight at 28 oC. After incubating in 28 oC overnight, 1x 106 to 1x 108 A. 
tumefaciens cell was used to infect the plant. For stem tumorigenesis, an incision of 3 mm 
long was made along the mid-section of the stem. Subsequently, 50 µL of A. tumefaciens was 
used to inoculate the wound of the stem. After inoculation, the plant was kept in dark 
overnight and subsequently returned to normal growth condition on the next day. The growth 
of the tumour was tracked over a period of three weeks and the tumours formed were 
quantitated by weighing. Leave disc based tumorigenesis was also performed. Leaves were 
cut from N. benthamiana plant and sterilised in 10% chlorox for 30 mins. After sterilisation, 
the leaves were washed for at least 3 times with sterile deionised water and dried with 
autoclaved filter paper. Once dried, leaf discs of 5 mm in diameter were generated from these 
leaves using core bore screwer (Sigma). Subsequently, leaf discs were incubated with 1x 106 
to 1x 108 A348 in 6 well plates for at least 30 mins before transferring to MS plates without 
antibiotics. The leaf discs were co-cultivated with A348 on MS plate in the dark for two days. 
After co-cultivation, leaf discs were transferred to MS plates supplemented with cefotaxime 
(50 µg/mL) for at least three weeks or until sufficient tumour was observed 
 
2.19 DNA, RNA and protein extraction from N. benthamiana leaf 
For extraction of DNA, RNA and protein from N. benthamiana leaves, the leave was lysed by 
grinding using mortar and pestle, in the presence liquid nitrogen to prevent and minimise 
prematured degradation of protein and genetic material. From the crude lysate, DNA was 
extracted via the standard phenol-chloroform gDNA extraction method. As for extraction of 
RNA, Trizol extraction method was used. To extract protein from N. benthamiana leaf, 
protein extraction buffer (0.1 mM PMSF, 1% Triton X-100 and 0.5 mM DTT in 1x PBS) was 
added to freshly grinded N. benthamiana leaves.  
 
2.20 Microscopy 
Confocal microscopy was performed with either Zeiss LSM510 meta (Carl Zeiss) or 




2.21 Pulse-field gel electrophorese CHEF 
Pulse-field gel electrophorese was performed as describe in Yeast protocol [134]. S1 DNAse 
was used at 1U per plug for digestion of gDNA.  
 
2.22 MES growth medium and condition 
Medaka ES cell medium 4, ESM4, was formulated based on [126] (See Table 2). MES cell 
line was cultured in 28 oC incubator in the absence of CO2. The cell culture was passage once 
every three days with split ratio of 1:2.  
 
2.23 Transfection of MES cell line 
Transfection of MES cell line was performed using DNAfectin 2100 transfection reagent 
(Abm). Transfection was performed with 90% confluent cell culture in minimal DMEM 
using 2 μg of plasmid. Six hours after transfection, transfection medium was change to full 
ESM4 medium. For formation of stable line, cell line was passage in the presence of selection 
markers (puromycin). For Bioimaging analysis, florescence protein expression can be 
detected 24 hours after transfection.  
 
2.24 Co-cultivation assay for MES 
MES-GFP10 cell line was co-cultivated with pre-induced A. tumefaciens (EHA105-
E2::GFP11-pSY204) in ESM4 medium, diluted two times with IBPO4. A. tumefaciens was 
added to 1 mL 2x diluted ESM4 medium with the final cell number of 6x106, in the presence 
of 200 μM of AS. The co-cultivation mixture was kept in 20 oC for at least 24 hours before 








3.1.1 MON2 background   
MON2 is an evolutionarily conserved, peripheral membrane protein found in wide range of 
organism ranging from human to dictyostilium [135]. Based on sequence analysis, MON2 
protein was identified as homolog of Golgi brefeldin A resistant factor (GBF) and BIG 
subgroup of ARF GEF known as SEC7 [136]. However, MON2 lacks the conserved SEC7 
catalytic domain required for the replacement of GDP to GTP, therefore it is still unclear 
whether MON2 has GEF activity [135]. MON2 was first identified in mutant S. cerevisiae 
that is sensitive to Brefeldin A and Monensin A treatments, and is also defective in vacuolar 
transport and endocytosis [137].  In addition, mon2Δ mutant S. cerevisiae was found to be 
synthetic lethal with RIC1, VPS21, TIF3 knockout strains that inhibit vesicular transportation 
to and from the late golgi [135, 137-139]. Though the function of MON2 is still not very well 
understood, based on these lines of evidence, it is widely believe that MON2 plays a crucial 
role in protein trafficking and maintaining membrane homeostatsis. Consistent with this, 
MON2 protein is localised to the vacuole, late golgi/early endosome and the late endosomal 
compartment [137, 140]. 
 
3.1.2 Interacting partners of Mon2p 
Based on various biochemical and genetic approaches, several proteins and genes were found 
to interact with MON2. In a synthetic lethal screening, MON2 and ARL1 double mutants were 
found to be non-viable, suggesting possible genetic interaction between MON2 and ARL1 
[140]. Subsequent yeast-2-hybrid assay confirmed the physical interaction between Mon2p 
and Arl1p, and the interaction is dependent on the N-terminal of MON2 protein [140]. In 
addition, over-expression of ARL1 is able to rescue the phenotype of mon2Δ mutant [136, 
140]. ARL1 (ARF-like 1) belongs to subgroup of GTPase known as ADP-Ribosylation 
Factors (ARF) family [141]. In general, ARF proteins function in transport and trafficking of 
materials within the endoplasmic reticulum (ER)-golgi network and also throughout the 
endosomal system [142]. However, function of ARL1 is not fully understood, even though 
there is an overlap in downstream effectors between ARL1 and ARF family member [141]. 
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Functional interaction between Mon2p and Arl1p is still not fully understood, however it was 
suspected that MON2 might serve as a scaffolding protein that links Arl1p with endocytotic 
protein/machineries to regulate endocytosis and vacuole biogenesis [137]. On the other hand, 
research had shown that Mon2p is not required for the recruitment Arl1p to the membrane, a 
process needed for ARL1 activation, casting more doubt on the function of MON2 and ARL1 
interaction [135].  
 
The GGA proteins is a family of ubiquitously expressed clathrin adaptors that regulates the 
budding of vesicle at the tubular endosomal network (TEN)/ trans golgi network (TGN)  
[136]. These GGA proteins, in particular Gga1p and Gga2p were found to interact with 
MON2 protein through the VHS domains [136]. Interestingly, Gga2p interaction is not 
limited to Mon2p, and was shown to have physical interaction with activated Arl1p (Arl1-
GTP) through the GAT domain. This led to the suggestion that Mon2p-Gga2pArl1p might 
form a complex possibly at the region of the membrane where vesicle budding is active 
[136].  Mon2p, being a scaffolding protein, could have function to recruit Gga1/2p to the site 
where vesicle budding is required, upon receiving cue presumably from ARL1, NEO1or other 
upstream signalling component. It is believed that the interaction between Mon2p-Arl1p-
Gga2p might have facilitated and induced an open membrane conformation of GGA proteins, 
thereby allowing the downstream interaction with clathrins, adaptor proteins (AP) and other 
accessory proteins through the C-terminal of GGA proteins. This process is believed to be 
crucial for vesicle budding in S. cerevisiae [136].  
 
Besides ARL1, DOP1 and NEO1 were found to interact with MON2 through multicopy 
suppressor analysis [137]. Dop1p and Neo1p were found to co-localise and form complex 
with Mon2p in the golgi/ endosomal element [135, 137]. Further studies have shown that 
Dop1p is able to interact with Neo1p independent of Mon2p [139]. NEO1 is an essential gene 
that was first identified in mutant strains that are sensitive to neomycin treatment [137]. 
NEO1 was later characterised as P4-ATPase/flippase that function as core element of budding 
machinery, in particular the clathrin-mediated pathway [139].  
 
The function of DOP1 is unclear, however they are known to be crucial for the endosome 
biogenesis and trafficking [139]. Interestingly, mutation in either DOP1 or NEO1 results in 
mutant phenotypes similar to mon2Δ mutant, and over expression of either NEO1 or DOP1 is 
able to rescue the mutant phenotype, suggesting functional corporation between MON2, 
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DOP1 and NEO1 [139]. The exact mechanism resulted from this interaction is not yet 
elucidated. However, it seems that the interaction of MON2 with DOP1 and NEO1 is required 
for the dynamic remodelling and folding of the intracellular membrane. A process thought to 
be crucial for the membrane trafficking within the endomsomal network and biogenesis of 
endosome and vacuole. More work in the future is needed to delineate the contribution of 




3.2.1 Deletion of MON2 in S. cerevisiae leads to higher susceptibility to transient 
transformation mediated by A. tumefaciens 
The role of A. tumefaciens in the transformation process has been studied extensively, leading 
to our in-depth understanding of the roles and functions of bacteria-originated virulence 
factors, such as virE2, virD2 and virF, during genetic transformation of the host. However, 
we are just starting to understand the roles of host in this process. The primary aim of this 
study is to identify novel host factors which play a role in the genetic transformation process, 
and characterizing it's function in this process.  
 
In order to identify novel host factors that might regulate the AMT pathway rapidly, a high 
throughput forward genetic screening, using S. cerevisiae as model organism, was developed 
and carried out in our lab (Tu, unpublished data). S. cerevisiae was chosen as model organism 
for this study because of its ease of manipulation, short growth cycle and availability of 
deletion mutant library. In this study, screening was performed on yeast knock out (YKO) 
library containing over 5000 deleted BY4741 (Haploid, Matalpha, leu, his, ura, ade axotrpuh) 
strains. The transformation of S. cerevisae was performed using disarmed (T-DNA deleted 
from Ti-plasmid) supervirulence A. tumefaciens, EHA105, harboring pHT101 binary vector 
(EHA105-pHT101). pHT101 binary vector contains LEU2 and GFP gene between its’ left 
and right border allowing S. cerevisiae transformants to be selected based on its’ ability to 
survive on leucine dropout minimal medium and the presence of GFP fluorescent signal. In 
addition, 2μ replication site is also included to allow autonomous replication of T-DNA as 




Using this system, knock-out mutants with altered susceptibility to A. tumefaciens 
transformation were identified. With more than 5000 knock-out mutants tested, 477 and 466 
mutants were identified to be more susceptible and resistant to AMT respectively (Tu, 
unpublished data). Among these, mon2Δ S. cerevisiae consistently displayed higher 
susceptibility to transformation by EHA105-pHT101. To validate this observation, 
susceptibility of mon2Δ S. cerevisiae to EHA105-pHT101 was further tested. Indeed, 
mon2Δ's augmented susceptibility to transformation by EHA105-pHT101 was maintained in 
subsequent testing, with transformation efficiency observed to increase 4.6-folds on average 
when compared to WT S.cerevisiae (Figure 3.2). Do note that selection of transformants and 
calculation of transformation efficiency was based on the ability of Leucine axutrophic S. 
cerevisiae to survive on leucine dropout minimal medium. This data seems to suggest that in 
S. cerevisiae, MON2 might function as a negative regulator of transformation process 
mediated by A. tumefaciens.  
 
3.2.2 mon2Δ S. cerevisiae augmented susceptibility to transformation is specific to A. 
tumefaciens 
In this study, transformation of S.cerevisiae was performed using EHA105-pHT101. It is 
possible that the aberrant susceptibility to EHA105-pHT101 observed in mon2Δ mutant is not 
specific to AMT. Therefore, in order to affirm the involvement of A. tumefaciens, pHT101 
binary vector was introduced abiotically into mon2Δ S. cerevisiae via Lithium Acetate-
mediated transformation. Interestingly, when pHT101 was introduced through LiAce method, 
mon2Δ S. cerevisiae consistently displays close to two-fold decrease in transformation 
efficiency (Figure 3.3). This phenomenon could be explained by the dysfunctional 
endocytosis pathway in mon2Δ S. cerevisiae, which is required from the uptake of 
extracellular DNA [143]. Therefore resulting in lower transformation efficiency when LiAce 
was used to transform mon2∆ S. cerevisiae. Having said that, non-overlapping results were 
observed from both bacterial-based and physical-based transformation method, and this 
provides strong evident that the increase in AMT transformation efficiency observed in 






Figure  3.1 Vector map if pHT101 binary vector. 
This binary vector contains two genes (LEU2 and GFP) between Left border (LB) and Right 
border (RB) for the selection of transformants. The presence of 2μ origin of replication 
allows T-DNA to exist as extra-chromosomal plasmid in S. cerevisiae therefore integration of 
T-DNA into host genome is not required, allowing higher (transient) transformation 
efficiency. S. cerevisiae transformants of EHA105-pHT101 can be selected based on GFP 






Figure 3.2 AMT efficiency of mon2Δ based survival on leucine dropout medium. 
In the absence of MON2, S. cerevisiae became highly susceptible to AMT with 4.6-fold 
increase in transformation efficiency on average. The average and standard deviation are 





Figure 3.3 LiAce transformation efficiency of mon2Δ mutant. 
Binary vector pHT101 (1 μg) was introduced into S. cerevisiae via LiAce approach. Similar 
to AMT, transformants were selected based on ability to survive in leucine dropout medium. 
As compare to WT, LiAce transformation efficiency of mon2Δ mutant decreases by two-fold 
















3.2.3 Complementation of mon2Δ S. cerevisiae with MON2 gene rescues mutant’s 
phenotype 
So far, our data have demonstrated that in the absence of MON2, S. cerevisiae displayed 
abnormally high susceptibility to transformation by EHA105-pHT101. In order to validate 
that the increase in transformation efficiency was indeed due to the absence of MON2, a 
complementation assay was performed. For this assay, MON2 gene, together with up- and 
down-stream regulatory region, was amplified from WT gDNA and inserted into pHT105 S. 
cerevisiae expression vector in reverse orientation, resulting in pHT105-mon2R construct. 
This is to ensure that MON2 gene expression is regulated by its natural promoter and 
terminator.  
 
Subsequently, the complementing constructs, pHT105-mon2R was introduced into mon2Δ S. 
cerevisiae via LiAce transformation. As control, WT and mon2Δ S. cerevisiae were 
transformed with empty pHT105 vector. Subsequently, WT and mon2Δ S. cerevisiae 
containing either pHT105 or pHT105-mon2R were tested for their susceptibility to A. 
tumefaciens transformation using EHA105-pHT101. As expected, after cocultivation with 
EHA105-pHT101, Δmon2-pHT105 displayed five-fold increase in transformation efficiency 
as compared to WT. On the other hand, when pHT105-mon2R complementing constructs 
were presence in mon2Δ S. cerevisiae, the transformation efficiency decreases to level similar 
to that of WT (Figure 3.4). This result suggests and confirms that the augmented 
susceptibility to EHA105-pHT101 is indeed due to the absence of MON2 gene in S. 
cerevisiae. 
 
3.2.4 Endocytotic drug treatment does not result in high transformation efficiency 
As mentioned earlier, MON2 was believed to play a role in intracellular trafficking via 
regulating endocytosis pathway [140]. Therefore to determine whether the observed 
enhanced susceptibility to A. tumefaciens transformation in mon2Δ S. cerevisiae is due to 
alteration in the endocytosis and intracellular trafficking pathway, inhibition of intracellular 
trafficking was mimicked via inhibitory drug treatments such as Monensin A (MonA) and 
Brefeldin A (BFA). MonA is an antimicrobial drug that was shown to block intracellular 
transport of golgi residence protein, and also reduce the endocytosis process in the treated 





Figure 3.4 AMT of complemented mon2Δ S. cerevisiae. 
mon2Δ S. cerevisiae was complemented with pHT105-mon2R construct prior to AMT. 
pHT105-mon2R was constructed using pHT105 S. cerevisiae expression vector as backbone, 
with MON2, together with up- and down-stream regulatory regions inserted into pHT105. As 
expected, transformation efficiency of mon2Δ S. cerevisiae complemented with pHT105-
mon2R decrease to two-fold that of WT. In comparison, mon2Δ complemented with pHT105 
empty vector retains its high susceptibility (5.5-fold) to AMT. This result was obtained from 









affect their viability, and S. cerevisiae treatment was performed with the pre-determined 
concentration. To determine the effect of MonA treatment on the transformation process, WT 
and mon2Δ S. cerevisiae was treated with MonA before and during cocultivation with 
EHA105-pHT101. Cocultivation was performed as described in chapter 2; however, 
cocultivation medium containing MonA was used. As control, S. cerevisiae was mock treated 
with DMSO. Interestingly, both WT and mon2Δ S. cerevisiae treated with MonA displayed 
close to two-fold decrease in transformation efficiency as compared to mock-treated control, 
with the high transformation efficiency still maintained in mon2Δ mutant (Figure 3.5). This 
result suggests that endocytosis and intracellular transport process inhibited by MonA might 
have a positive role in facilitating the transformation process, unlike MON2.  
 
BFA was shown to prevent protein transport from ER to golgi through inhibition of COPII-
mediated vesicle formation by targeting ARF1 [147]. Similar to previous experiment, WT and 
mon2Δ S. cerevisiae was treated with BFA before and during cocultivation with EHA105-
pHT101. DMSO mock treated S. cerevisiae was used as control. Interestingly, no significant 
changes to transformation efficiency were observed in BFA-treated WT and mon2Δ S. 
cerevisiae when compared to the control (Figure 3.5). This result seems to suggest that 
inhibition anterograde transport from ER to golgi does not affect the transformation process.  
 
Considering results obtained from MonA and BFA treatment, where transformation 
efficiency was observed to decrease and remain unchanged respectively, we concluded that 
the mon2Δ mutant’s high susceptibility to A. tumefaciens mediated transformation is not due 
to its dysfunctional endocytotic or intracellular trafficking pathway, and might involve other 
functions of MON2. 
 
3.2.5 Screening of MON2 physical interacting partner reveals potential role of ARL1 
and NEO1 in AMT 
As mentioned above, several interaction partners (both physical and genetic) of MON2 was 
reported. MON2’s interactions with these proteins result in different functional outcome in S. 
cerevisiae. In order to determine which interaction is crucial for the AMT process, these 









Figure 3.5 AMT of S. cerevisiae treated with MonA and BFA 
Transformation efficiency of MonA treated S. cerevisiae decrease as compared to the control. 
This suggests that unlike MON2, endocytosis and intracellular transport process inhibited by 
MonA might have a positive role in facilitating the transformation process. Hence it is 
unlikely that MON2 regulates AMT through this pathway. On the other hand, transformation 
efficiency of BFA treated S. cerevisiae remain unchanged, suggesting that anterograde 
transport from ER to golgi inhibited by BFA does not affect the AMT process. These results 











When MON2 was first identified, it was determined to be a homolog to SEC7, which function 
as guanine nucleotide exchange factors (GEF) of ARF. Physical interaction between MON2 
and arf-like small GTPase (ARL1) leads to speculation that MON2 might function as activator 
of ARL1, and their interaction could be crucial for endocytosis and maintaining the vacuole 
integrity [140]. Even though it was later shown that MON2 is not required for activation of 
ARL1, there are still strong evidences to support the interplay between MON2 and ARL1 at 
the protein level. More recently, it was suggested that MON2 function as a negative regulator 
of ARL1 by maintaining ARL1 in nucleotide (GTP/ GDP)-free state [148]. Therefore, to 
determine whether ARL1 is also crucial for AMT, arl1Δ mutant was subjected to the co-
cultivation assay. Interestingly, arl1Δ mutant yeast consistently exhibited two folds lower 
susceptibility to AMT as compared to wild type (Figure 3.6). Suggesting that ARL1 might 
play a positive role in regulating AMT. Base on this result and current understanding of 
MON2/ARL1 interaction, we hypothesize that the absence of MON2 allows higher ARL1 
activity level, resulting in higher AMT efficiency. However given the diverse role of MON2 
and ARL1, it is also possible that ARL1 positively regulate AMT independent of MON2. This 
will be explored further later (section 3.2.6).  
 
Besides ARL1, localisation and function of a clathrin adaptor, GGA2, were found to be 
dependent on physical interaction with MON2 via the VHS domain [136]. However, the 
susceptibility of gga2Δ mutant strain does not have significant difference as compared to 
wild-type. Suggesting that clathrin recruitment through MON2/GGA2 interaction might not 
be crucial for AMT.  DOP1 and NEO1 are protein with membrane re-organising function and 
were found to form complex with MON2. It was shown that interaction between DOP1, 
NEO1 and MON2 was not only crucial for the endocytosis pathway, it is also important for 
maintaining the structure and organisation of endoplasmic reticulum [135]. However in the 
absence of DOP1, no significant difference in the susceptibility to AMT was observed, while 
neo1Δ exhibit higher susceptibility to AMT. (Figure 3.6). This result suggests that, similar to 
MON2, NEO1 might also negatively regulate AMT.  
 
3.2.6 ARL1 positively regulates AMT independent of MON2 
As aforementioned, AMT assay of ar1l∆ mutant revealed that ARL1 positively regulates 
AMT, and this regulatory role on AMT might or might not be dependent on its interaction 
with MON2 (Figure 3.6). ARL1 is a monomeric GTPases which can exist as nucleotide-bound 
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or nucleotide-free states [149]. As it is currently believed that MON2 is responsible in 
keeping ARL1 inactive by maintaining ARL1 in nucleotide free conformation [148], we 
hypothesize that the aberrant nucleotide status of ARL1 in mon2Δ could have led to 
augmented AMT efficiency in the mon2Δ mutant. 
 
Therefore to test this hypothesis, various ARL1 isoforms were generated and expressed in 
mon2∆ S. cerevisiae. For GTP and GDP-locked state, Q72L and T32N substitution were 
performed on ARL1 respectively, while D130N substitution was introduced for ARL1- 
nucleotide free analog [148, 150]. These ARL1 isoforms were subsequently expressed in 
mon2∆ S. cerevisiae under the regulation of ADH1 promoter. AMT assay of the mon2∆ S. 
cerevisiae complemented with these ARL1 analogs does not alter the AMT efficiency 
significantly as compare to control (Figure 3.7). Note that no meaningful AMT efficiency 
could be determine for mon2Δ complemented with GDP-locked ARL1 as the growth of the S. 
cerevisiae became severely retarded, which is in agreement with previous observation where 
mon2∆ and arl1Δ double knockout mutant is non-viable [140]. In spite of this, this result 
indicates that the ARL1-GTP status in mon2∆ does not play a role in AMT, and it is most 
likely that MON2 and ARL1 regulate AMT independently.  
 
As expected, when arl1Δ was complemented with these ARL1 isoforms, none were able to 
complement the function of ARL1, with the exception of arl1Δ complemented with WT ARL1 
and ARL1-GTP analog (figure 3.7). This result might imply that the nucleotide status of ARL1 
is crucial for AMT. However this remained to be proven as GTP cycling of GTPases is a 
complex process which involves other regulator such as GTPases activating protein (GAP) 
and GTP exchange factor (GEF). Therefore addition studies on role of GAP and GEF on 
AMT will be required to make further conclusion.  
 
3.2.7 Delivery of virulence protein VirE2 to mon2Δ S. cerevisiae is not affected 
Virulence proteins originated from bacteria play a pinnacle role in ensuring the successful 
transformation of the target host cells. Hence fore, the importance of virulence protein 
delivery into host cell cannot be overemphasised. The delivery and virulence proteins from A. 
tumefaciens to host cells are mediated by the T4SS (Type 4 secretion system). Till date, 
visualization and tracking of virulence protein delivered exogenously from bacteria to host 




Figure 3.6 AMT of MON2 physical and genetic interacting partner. 
Based on various studies, MON2 was found to interact physically with ARL1, DOP1, NEO1 
and GGA2. In addition to these, MON2 was also found to interact with VPS21 at the genetic 
level. Deletion mutant of these genes were identified from the deletion library and subjected 
to transformation by EHA105-pHT101. Among the mutant strains tested, arl1Δ mutant 
display consistent two-fold decrease in AMT, while transformation efficiency of neo1Δ 
mutant increase by more than two-fold. AMT efficiency of other mutants remains unchanged. 









































Figure 3.7 AMT of S. cerevisiae complemented with ARL1 and ARL1 analogs. 
The transformation efficiency of mon2Δ mutant complemented with ARL1 and various ARL1 
analogs remain unchanged. Suggesting that the aberrant transformation efficiency observed 
in mon2Δ mutant is independent of ARL1 nucleotide status, and ARL1 is likely to regulate 
AMT independent of MON2. Note that mon2Δ mutant complemented with inactive form of 
ARL1 (ARL1-GDP) is non-viable, therefore AMT on this strain is unable to yield any 
meaningful results. As expected, arl1Δ complemented with unmodified form of ARL1 and 
active form of ARL1 (ARL-GTP) is able to increase the transformation efficiency to level 




































One potential target for tracking of virulence protein delivery is VirE2. This is because, 
inside host cell, VirE2 form aggregates in the cytoplasm, allowing easier detection of 
fluorescently tagged VirE2. However, once again tagging of VirE2 with full GFP in bacteria 
will inhibit its delivery [103, 151]. Therefore to minimize the disruption to delivery of VirE2 
cause by GFP tagging, a split GFP approach was adopted [119]. In this split GFP system, 
GFP protein exists as two independent GFP fragments, the large GFP fragment and a small 
GFP fragments [152, 153]. The large GFP fragment is 215 amino acids long which contain β-
subunit 1 to 10 of GFP (GFP1-10), while the small GFP fragment is 16 amino acids long, 
containing β-subunit 11 of GFP (GFP11). These two fragments when expressed 
independently will not result in any detectable fluorescent signal. However when co-
expressed in single cell, the two GFP fragments are able to complement each other, resulting 
in detectable GFP fluorescent signal.  
 
As mentioned earlier, the usual GFP-tagging of VirE2 will render its delivery impossible. 
Therefore to track the delivery of VirE2, GFP11 was inserted in the permissive site, which 
will not result in major changes to function of VirE2 [119]. Hence, WT VirE2 in A. 
tumefaciens was exchanged with VirE2::GFP11 to allow expression of the modified VirE2 in 
condition similar to that of WT. To enable tracking of deliver virE2, GFP1-10 (pQH04) was 
expressed in the S. cerevisiae. When the modified VirE2 was delivered into host cell 
expressing GFP1-10, VirE2 aggregates is detectable as GFP dots (Figure 3.8). In order to 
determine whether delivery of virulence proteins were altered in mon2Δ S. cerevisiae, GFP1-
10 was expressed in both WT and mon2Δ mutant. Subsequently, these S. cerevisiae strains 
were infected with EHA105-virE2::GFP, and the efficiency of virulence protein delivery was 
quantitate via counting of GFP dots in S. cerevisiae cell over a period of 24 h with 4 h 
interval. Throughout the time period observed, no significant alternation in efficiency of 
virulence protein delivery was detected (Figure 3.8). These data suggest that the higher 
susceptibility to A. tumefaciens was not due to a more efficient delivery of virulence protein 
into host cell. As a control, both modified WT and mon2Δ S. cerevisiae was subjected to usual 
AMT by EHA105-pHT101. As expected, higher transformation efficiency (four-fold) was 
maintained in mon2Δ mutant, confirming that the expression of GFP large fragment does not 









Figure 3.8 Visualisation of delivered VirE2 in S. cerevisiae cell. 
Split-GFP approach was used to visualise VirE2 delivered by A. tumefaciens in S. cerevisiae. 
In this system, S. cerevisiae was transformed with pQH04 allowing expression of GFP large 
fragment (GFP10). GFP small fragment (GFP11) was inserted into the permissive site of 
VirE2 carried by A. tumefaciens (EHA105-virE2::GFP11). Using this system, delivered 
VirE2 can be visualised as GFP dots in S. cerevisiae. The delivery of VirE2 was tracked over 
a period of 24 hours with four hours interval, and no significant difference in frequency of 
GFP signal was observed between mon2Δ mutant and WT. This result was obtained from at 


































Figure 3.9 AMT of S. cerevisiae expressing GFP10 
S. cerevisiae expressing GFP10 was subjected to transformation by EHA105-pHT101. As 
expected, additional expression of GFP10 does not affect mon2Δ’s susceptibility to AMT. 
































3.2.8 VirD2 nucleus importation is not affected in mon2Δ S.cerevisiae 
Once inside host cell, trafficking and delivery of T-DNA into host nucleus is required for the 
genetic transformation of the targeted host cell. This process is believed to be largely 
regulated by VirD2, as the deletion of VirD2's NLS renders A. tumefaciens avirulent [154]. 
Therefore to determine the efficiency of VirD2 nucleus localisation in S. cerevisiae, GFP 
tagged virD2 was used. In this experiment, instead of modifying VirD2 in the bacteria, VirD2 
GFP fusion protein was expressed directly in S. cerevisiae cell using pYES2-GFP-virD2 
construct. In this construct, GFP-virD2 was placed under the regulation of GAL promoter, 
where the expression of the fusion protein can be induced by the presence of galactose in the 
medium. In the presence of galactose, GFP signal was observed to overlap with DAPI 
staining, indicating nucleus localisation (Figure 3.10). Using this approach, expression and 
accumulation of GFP-virD2 was observed over 24 hours with four hours interval using 
confocal microscope. Over the period observed no significant difference in accumulation of 
GFP signal between mon2Δ and WT (Figure 3.10). This data suggest that the high 
susceptibility to A. tumefaciens is not due to alteration to nucleus localization of virulence 
protein in the host.  
 
3.2.9 The virulence protein, VirE2, is stable in S. cerevisiae  
Based on current knowledge, T-DNA super complex is believed to make up of a single-
stranded T-DNA, covalently linked to VirD2 at the 5’end, and coated with VirE2 along its 
length [155-157]. The formation of this nucleoprotein complex is crucial for the 
transformation process as attachment of VirD2 to the T-DNA is believed to be the main 
driving force of the trafficking of T-DNA and association of VirE2 along the length of T-
DNA is thought to protect the T-DNA from host’s nucleolytic activity [97, 103, 158]. 
However, once inside host’s nucleus, integration of T-DNA is required for the completion of 
host genetic transformation. The presence of virE2 along the length of T-DNA might obstruct 
the integration of T-DNA into the host genome [159]. Based on work done in plant, It was 
postulated that the degradation of VirE2 via host’s ubiquitin-proteasome system (UPS) is 
required for efficient transformation of targeted cell [110, 111, 114, 160]. 
 
Therefore in order to determine the stability of VirE2 in S. cerevisiae cells, VirE2 protein was 




Figure 3.10 Nucleus localisation of VirD2-GFP in S. cerevisiae. 
To track the accumulation of VirD2 in S. cerevisiae, VirD2 was fused with GFP at the C-
terminal, and the expression of this fusion protein is regulated by GAL promoter. In the 
presence of galactose, VirD2-GFP was expressed and localised to the nucleus which was 
DAPI stained. Over the 24 hours observed, there is no significant difference in nucleus 
localising efficiency of VirD2 between mon2Δ mutant and WT. Result shown here was 
















constructs were introduced into WT and mon2Δ S. cerevisiae via LiAce transformation 
method. To track the degradation of VirE2, transformed S. cerevisiae were inoculated 
overnight and subcultured for four hours. After subculturing, cycloheximide was added 
(pulse) to inhibit the translation process to prevent further synthesis of virE2, and level of 
VirE2 was tracked over a period of 16 hours using western-blot (chase) [161-163]. 
Interestingly, over the time period observed, no significant decrease in VirE2 protein level 
was observed in both WT and mon2Δ mutant (Figure 3.11). This data suggest that in S. 
cerevisiae, VirE2 protein is stable, as no significant degradation was observed even 16 hour 
post-cycloheximide treatment.  
 
3.2.10 Higher T-DNA level detected in mon2Δ S. cerevisiae population 
The transformation efficiency of the targeted host is influence by, and proportional to the 
level of T-DNA in the host, where in general, higher copy number of T-DNA usually 
translated to higher transient transformation efficiency. Therefore, based on this and the 
observation that mon2Δ mutant is more susceptible to A. tumefaciens mediated 
transformation, we reasoned that the mon2Δ S. cerevisiae should be more receptive of T-
DNA.  
 
In order to test this hypothesis, we adopted a real-time PCR approach to determine the T-
DNA level in the mon2Δ S. cerevisiae after cocultivation with A. tumefaciens. As the 
presence of 2µ replication site will affect the accuracy the quantitative assay, the replicative 
site was removed, generating, pHT101-2µ. The resulting construct was re-introduced into 
EHA105 as described in chapter 2 (EHA105-pHT1012μ-). Subsequently, both WT and mon2Δ 
S. cerevisiae were cocultivated with the EHA105-pHT1012μ-. Cocultivation condition was 
performed as described in chapter 2. After 24 h cocultivation, bacterial-yeast mixture was 
washed off from the CM plate, and A. tumefaciens was separated from S. cerevisiae via low 
speed centrifugation. The supernatant contains A. tumefaciens while the pellet contains S. 
cerevisiae. Both the supernatant and the pellet were harvested and genomic DNA was 
prepared via standard phenol-chloroform method. Due to potential presence of A. tumefaciens 
contamination in harvested S. cerevisiae cell (pellet fraction), a standard curve was generated 
using gDNA extracted from A. tumefaciens. For this standard curve, two primer pairs were 
used, ChvB-F/ R was used to estimate the amount of A. tumefaciens cells, and LeuRT-F/R 





Figure 3.11 Pulse-chase experiments for VirE2 degradation in S. cerevisiae. 
VirE2 was expressed in both WT and mon2Δ S. cerevisiae under the regulation of ADH1 
promoter. The level of VirE2 was tracked over a period of 16 hours after addition of 
cycloheximide, with four hours regular interval. Not degradation of VirE2 protein was 
observed in WT and mon2Δ mutant over the period tested. Anti-tubulin antibody was used for 



















given amount of A. tumefaciens was determined. As for gDNA prepared from S. cerevisiae, 
an additional primer pair, ACT1-F/R (actin gene) was used for normalisation. Using this 
strategy, the T-DNA level in mon2Δ mutant was consistently determined to be higher than 
WT, with fold change increase ranging from two to six-folds, and four-fold on average 
(Figure 3.12). This data confirms our hypothesis that higher T-DNA level is presence in 
mon2Δ population, resulting in higher transformation efficiency when transformed by A. 
tumefaciens.  
 
The level of T-DNA in the host is determined by the balance between efficiency of T-DNA 
delivery and stability of T-DNA. Higher level of T-DNA observed in mon2Δ could be due to 
either higher efficiency of T-DNA delivery or higher stability of T-DNA in the host cell. 
These issues will be addressed in the subsequent sessions. 
 
3.2.11 No significant increase in stability of T-DNA detected in mon2Δ S. cerevisiae 
Once inside the host cell, T-DNA is susceptible to host’s nucleolytic degradation. Previously, 
we observed that mon2Δ mutant population has close to four-fold increase in T-DNA level as 
compared to WT after cocultivation with EHA105-pHT1012μ-. The augmented level of T-
DNA could be due to higher stability of T-DNA in the mutant.  
 
Therefore to determine whether T-DNA is more resistant to host’s nucleolytic degradation in 
mon2Δ mutant, similar real-time approached mentioned in the previous section was adopted. 
In this experiment, both WT and mon2Δ mutant were cocultivated with EHA105-pHT1012μ- 
for 24 h. To allow degradation of T-DNA to take place, S. cerevisiae separated from A. 
tumefaciens were incubated at room temperature (in CM liquid medium) for addition 24 hour 
before gDNA was extracted. As expected, after 24 hours incubation, the level of T-DNA in 
WT and mon2Δ S. cerevisiae remains unchanged (Figure 3.13).  
 
In the previous experiment, though A. tumefaciens was separated, as much as possible, from 
the S. cerevisiae, the presence of A. tumefaciens contamination cannot be ruled out totally. 
The presence of residual A. tumefaciens might affect quantification via continuous delivery of 
T-DNA into S. cerevisiae cells. To eliminate this confounding factor, the stability of 
exogenously introduced DNA was determined via another approach. In this approach, 




Figure 3.12 Quantitation of A. tumefaciens delivered T-DNA level in S. cerevisiae using 
real-time PCR. 
Genomic DNA was prepared from S. cerevisiae and EHA105-pHT1012μ after co-cultivation. 
Two pair of primers (ChvB-F/ R and LeuRT-F/R) was used on gDNA of EHA105-pHT1012μ 
to generate a standard curve. The function of this standard curve was to determine the level of 
A. tumefaciens contamination in S. cerevisiae gDNA. For S. cerevisiae, in addition to the two 
primers mentioned earlier, ACT1-F/R was also used for normalisation purposes. Based on 
this approach, the relative level of T-DNA was determined. This experiment has showed that 
the level of T-DNA in mon2Δ mutant is four times higher than WT on average. This result 






Figure 3.13 Quantitation of A. tumefaciens delivered T-DNA level in S. cerevisiae using 
real-time PCR. 
At 24 hours post-separation from A. tumefaciens, the level of T-DNA detected in both WT 












































introduced into S. cerevisiae via LiAce transformation. To determine the stability of ssDNA, 
S. cereivisae was incubated at room temperature for 24 hours after the transformation (Heat-
shock). WT and mon2Δ S. cerevisiae mixed with M13mp18ssDNA, but not Heat treated was 
used as control. After appropriate treatment, S. cerevisiae were harvested and gDNA was 
extracted via standard phenol-chloroform method. Due to the absence of A. tumefaciens in 
this approach, quantification method is comparatively straight forward. Similarly, real-time 
PCR was used, however only two pairs of primer were required. To detect the level of 
M13mp18ssDNA, M13F/R primer was used, and ACT1-F/R primers were used for 
normalisation. As expected, in the control where sample was not heat treated, little to no 
M13mp18ssDNA was detected (Figure 3.14). For samples that were incubated for additional 
24 hours after heat treatment, 29.9% and 27.1% reduction in T-DNA level was observed in 
WT and mon2Δ S. cerevisiae respectively (Figure 3.14). Based on this result, no significant 
difference in the reduction of T-DNA level observed between WT and mon2Δ mutant, 
suggesting that T-DNA delivered into mon2Δ mutant is not more resistance to host’s 
nucleolytic degradation.     
 
Next, we are interested whether mon2Δ mutant could have lower DNAse activity as 
compared to WT. Alteration to DNAse activity could also affect the stability of T-DNA in the 
host cell. Therefore to determine whether DNAse activity is affect in mon2Δ mutant, DNAse 
activity assay was performed as per described in [130]. In brief, DNAse in the form of crude 
lysate was prepared from both WT and mon2Δ S. cerevisiae via vigorous shaking in the 
presence of acid-washed glass beads (400-600 µm) for 10mins. The resulting supernatant was 
used for digesting of ssDNA, M13mp18ssDNA. To determine the activity of DNAse, 1µg of 
ssDNA was incubated with crude lysate obtained from WT and mon2Δ mutant at 37oC over a 
period of 45 mins. At regular interval of 15 mins, an aliquot of the reaction mixture was 
collected and quantitated using standard gel electrophoresis and DNA-staining. Over the 
period observed, steady decrease in M13mp18ssDNA was detected. However no significant 
difference was observed in the rate of degradation between mon2Δ mutant and WT (Figure 
3.15). This result suggests that in mon2Δ mutant, DNAse activity is not altered. In summary, 
these data indicate that the augmented level of T-DNA observed in mon2Δ mutant is not due 






Figure 3.14 Quantification of LiAce delivered ssDNA in S. cerevisiae using real-time 
PCR. 
To determine the stability of single-stranded DNA in S. cerevisiae, M13mp18ssDNA was 
introduced into S. cerevisiae via LiAce transformation. S. cerevisiae not heat-treated was 
used as negative control. At 24 hours after heat treatment, ssDNA level decreases, indicating 
ssDNA degradation in S. cerevisiae.  The level of ssDNA degradation observed between WT 
and mon2Δ mutant is similar. This suggests that the stability of ssDNA in mon2Δ mutant is 









Figure 3.15 DNAse activity assay of S. cerevisiae. 
To determine the activity of DNAse in S. cerevisiae, ssDNA (M13mp18ssDNA) was treated 
with crude lysate prepared from S. cerevisiae. The level of ssDNA was observed over a 
period of 45 mins at 15 mins interval. During the observation period, no significant difference 


















3.2.12 FISH detection of T-DNA in cocultivated S. cerevisiae 
Earlier, we have shown that on average, level of T-DNA in mon2Δ mutant population is four-
fold higher than that of WT. However due to the non-discriminating nature of our approach, 
we were unable to determine the copy-number of T-DNA delivered into the S. cerevisiae. 
Therefore to determine the number of T-DNA copy per S. cerevisiae cell, a single-copy 
Fluorescent in-situ hybridisation technique was developed based on [131, 164] to specifically 
detect T-DNA in S. cerevisiae cell. In this approach, T-DNA was detected using cy5 labelled 
probe which was design to bind specifically to T-DNA. For this experiment, S. cerevisiae 
was cocultivated with EHA105-pHT101 for 24 hour to allow sufficient delivery of T-DNA. 
Both A. tumefaciens cocultivated WT and mon2Δ S. cerevisiae were subjected to FISH as 
described in Chapter 2. Using this approach, T-DNA in S. cerevisiae was observed as small 
red florescence dots under fluorescent microscope (Figure 3.16). In general, only a single red 
florescence dot could be observed in one S. cerevisiae cell. Though T-DNA could be detected 
via this approach, we were unable to perform any meaningful quantification due to the low 
hybridisation efficiency. Thus we are unable to validate the higher T-DNA level observed via 
this approach.  
 
3.2.13 Mon2Δ mutant displayed higher affinity to A. tumefaciens  
Close intimate contact between A. tumefaciens and the host cell is required for the delivery of 
T-DNA and various virulence proteins into the target host cell. Previously, our data have 
revealed that the higher transformation efficiency of mon2Δ mutant mediated by A. 
tumefaciens is due to presence of higher T-DNA level in the mon2Δ S. cerevisiae population. 
Additionally, this augmented level of T-DNA was shown not due to higher T-DNA stability 
in the mutant. Therefore, it is likely that delivery of T-DNA into mon2Δ mutant is more 
efficient as compared to WT. Based on these observations we reasoned that the A. 
tumefaciens could have attached to mon2Δ mutant cell with higher affinity. 
 
In order to determine the affinity between S. cerevisiae and A. tumefaciens, a flow cytometry 
method was developed. In this approach, GFP was tagged to the C-terminal of VirE2 in 
EHA105 (EHA105-virE2-GFP) which allows detection of induced A. tumefaciens via the 
GFP signal. Before analysis via flow cytometry, both WT and mon2Δ S. cerevisiae were 
cocultivated with pre-induced EHA105-virE2-GFP overnight (24 hours) as described in 






Figure 3.16 Florescence in-situ hybridisation (FISH) for detection of T-DNA in S. 
cerevisiae. 
T-DNA delivered into S. cerevisiae via A. tumefaciens was detected using FISH. In this 


























Figure 3.17 Attachment assay for affinity determination between A. tumefaciens and S. 
cerevisiae using flow-cytometry. 
(A) Gating criteria for flow cytometry analysis. Q1: S. cerevisiae GFP negative, Q2: S. 
cerevisiae GFP positive, Q3: A. tumefaciens GFP negative, Q4: A. tumefaciens GFP positive. 
(B) Attachment of GFP-labelled A. tumefaciens to S. cerevisiae cell visualised using 
fluorescent microscope. (C) 0.5 hour after co-cultivation, 0.5% of WT and 1% of mon2Δ S. 
cerevisiae was observed to associate with A. tumefaciens. At 24 hours post co-cultivation, 1% 















cocultivation medium, and washed repeatedly to remove unbound A. tumefaciens. S. 
cerevisiae and A. tumefaciens grown separately on cocultivation medium were used to set up 
the gating criteria (Q1: S. cerevisiae GFP negative, Q2: S. cerevisiae GFP positive, Q3: A. 
tumefaciens GFP negative, Q4: A. tumefaciens GFP positive) (Figure 3.17A). Figure 3.17B 
depicts GFP-labelled A. tumefaciens to S.cerevisiae cell. As a control, S. cerevisiae was 
cocultivated with A. tumefaciens 30 mins before flow cytometry analysis. Flow cytometry 
reveals that 30 mins after cocultivated with pre-induced EHA105-E2-GFP, 0.5% of WT and 
1% of mon2Δ S. cerevisiae population were identified as GFP positive (Q2) (Figure 3.17C). 
This data seems to suggest that attachment of A. tumefaciens to S. cerevisiae is a rapid 
process as the bacterial-association can be observed as early as 30 mins post-infection. 
Interestingly, when 24 hours cocultivated samples were analysed, Q2 events increase to 1% 
for WT and 3.5% for mon2Δ S. cerevisiae (Figure 3.15C).  In addition, as compared to WT, 
higher portion of mon2Δ mutant population was observed to associate with A. tumefaciens. 
This result seems to indicate that mon2Δ S. cerevisiae has higher affinity to A. tumefaciens, at 
least at the population level, and this enhanced affinity to A. tumefaciens could have resulted 
in more efficient T-DNA delivery into mon2Δ mutant, and in consequence, higher T-DNA 
level.  
 
3.2.14 Cell wall morphology of mon2 S. cerevisiae similar to that of WT 
Attachment of A. tumefaciens to target host is a process which involves both host and bacteria 
factors. This process can be further classified into non-specific attachment, which can be 
detached easily, and specific binding which are harder to dissociate [39]. In A. tumefaciens, 
attachment was shown to involve chvA, chvB and exoC which are responsible for the 
synthesis and localisation of β-1,2 glucan (as reviewed in [83]). In plant, arabinogalactan 
protein which resides in the cell wall was shown to be involved in attachment of A. 
tumefaciens [42, 43]. Though cell wall deficient protoplast derived from Nicotiana tabacum 
was transformation competent, the efficiency of transformation correlates with the formation 
of material that can be stained by calcofluor white (cellulose and chitin stain) [84]. This 
observation suggests the importance of cell wall in the bacterial-host attachment process. In 
S. cerevisiae, the attachment of A. tumefaciens to targeted cells is unclear. However it was 
shown that this process does not require chvA, chvB and exoC of A. tumefaciens, suggesting 
that attachment of A. tumefaciens to S. cerevisiae might involve pathway different from plant 
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[165]. In addition, no arabinogalactan protein homolog was identified in S. cerevisiae, and it 
is also not clear as to whether S. cerevisiae cell wall is involve in the attachment of A. 
tumefaciens.   
 
In any case, the cell wall morphology of WT and mon2Δ S. cerevisiae was probe for 
alternation which might influence the transformation process. In order to do so, cell wall of 
WT and mon2Δ S. cerevisiae was stained with Calcofluor white, followed by observation via 
fluorescent microscope. After staining, no observable difference was detected between WT 
and mon2Δ S. cerevisiae (Data not shown). This suggests that the morphology and integrity 
of cell wall is not perturbed in mon2Δ mutant, and the higher affinity to A. tumefaciens is not 










Till date, despite the extensive usage of A. tumefaciens in various field of research, the role of 
host factors in the transformation process is still not fully elucidated. Therefore the aim of 
this study is to identify AMT regulating host factors with a forward genetic screening 
approach. Using S. cerevisiae as model, we have successfully identified several candidate 
host factors which might play a role in regulating AMT.  
 
With this approach, mon2Δ mutant was identified as putative candidate among others. In the 
absence of MON2, S. cerevisiae becomes highly susceptible to transformation mediated by A. 
tumefaciens. After cocultivated with EHA105-pHT101, the transformation efficiency of 
mon2Δ, based on survivability of leucine dropout plate, is 4.6 times higher than WT on 
average. Using LiAc heat shock, an abiotic transformation approach, the possibility that the 
augmented transformation efficiency is caused by the usage of binary vector (pHT101) has 
been ruled out, and confirms that the difference in transformation efficiency is specific to A. 
tumefaciens. Interestingly, in a similar screening approach, MON2 was not identified as one 
of the putative host factors involved in AMT process [166]. This is not surprising as it is 
common for high-throughput approach to identify and generate non-overlapping gene lists.  
 
As afore mentioned, AMT is a multistep process involving attachment of bacteria to host cell, 
delivery of virulence protein and T-DNA, trafficking of T-complex and ultimately integration 
of T-DNA into host genome which marks the genetic transformation of targeted cell (as 
reviewed in [167]). The increase in transformation efficiency observed in Δmon2 mutant 
could be due to changes in one or more of these steps when MON2 is deleted. Indeed, 
relatively higher level of T-DNA was detected in mon2Δ gDNA prepared from S. cerevisiae. 
When quantified using real-time qPCR, the level of T-DNA in mon2Δ mutant is 3.8 fold 
higher than WT. Interestingly, the degree of augmentation in T-DNA level coincides with 
that of transformation efficiency (3.8 fold cf. 4.6 folds respectively).  
 
Having said, the dynamics of T-DNA inside the host cells cannot be ignored, similar to other 
foreign DNA, it is likely that T-DNA is also subjected to degradation by host’s defence 
responses. However, no significant different in stability of foreign ssDNA was detected 
between mon2Δ and WT, when M13mp18 ssDNA was introduced into S. cerevisiae via LiAC 
transformation. 24 hours after heat shock, 70.1% of ssDNA remain for WT and as for mon2Δ 
mutant, 72.9% remain. Certainly, ssDNA introduced via LiAC does not truly mimic T-DNA 
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delivered by A. tumefaciens. However, we believe that this approach is sufficient to reflect 
the effect of host defence mechanism to exogenously introduced DNA. Besides this, there is 
also no significant difference in the DNAse activity detected between mon2Δ and WT S. 
cerevisiae. As evident, when treated with crude lysate obtained from WT and mon2Δ S. 
cerevisiae, M13mp18ssDNA displayed similar half-life of around 20 min. Together, these 
data suggest that there is no detectable difference in DNAse activity and stability of ssDNA 
in WT and mon2Δ mutant, indicating that the higher level of T-DNA observed in mon2Δ 
mutant is due to more efficient delivery of T-DNA.  
 
During the transformation process, T-DNA is delivered into the host cell via the T4SS of A. 
tumefaciens, and close intimated attachment between the bacterial and host is required for 
this process [168]. Therefore the efficiency of T-DNA delivery is likely to be dependent on 
the affinity between A. tumefaciens and the host cell. Indeed, in an attachment assay 
developed in our lab, mon2Δ S. cerevisiae was observed to exhibit higher affinity to A. 
tumefaciens as compared to WT. In both short (0.5 h) and long (24 h) A. tumefaciens 
cocultivation period, Δmon2 mutant displayed an attachment efficiency of 1.05% and 3.7% 
respectively, while WT S. cerevisiae only managed to achieve attachment efficiency of 
0.52% and 1% respectively. This clearly demonstrates the preferential attachment of A. 
tumefaciens to mon2Δ S. cerevisiae, and subsequently, this increase affinity allows a more 
efficiency T-DNA delivery into the host cell. As a result, higher transformation efficiency 
can be achieved when MON2 is absence in S. cerevisiae.  
 
Previously, quantitative-binding assay performed by Neff and Binns showed that attachment 
between A. tumefaciens and host can be broadly classified into non-specific and specific 
binding [39]. As minimal disruption was introduced prior to flow analysis, our approach does 
not distinguish between these two types of attachment. In A. tumefaciens, the host attachment 
process was shown to be dependent on β-1,2 glucan, which synthesis and localisation is 
regulated by chromosomally encoded chvA, chvB and exoC [169, 170]. On the other hand, 
host factors involve in A. tumefaciens attachment is less understood. In A. thaliana AtAGP17, 
a cell wall associated Arabinogalactan protein, was shown to be needed for efficient A. 
tumefaciens attachment to the root [42, 171]. Besides AtAGP17, a couple of cellulose 
synthase-like protein, CslA-09 and CslB-05, were also shown to be involved in the 
attachment process [42, 172]. From these, it is clear that cell wall of the host cell plays a 
crucial role in mediating the attachment of A. tumefaciens. Based on previous researches, 
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MON2 was shown to be involved in endocytosis, intracellular protein transport and 
maintenance of vacuole homeostatsis, through its still controversial GEF activity [135-138, 
140, 148]. From these, the current knowledge of MON2, there is no indication of MON2’s 
direct involvement in regulating cell wall synthesize or localisation. Perhaps, MON2 might be 
involved indirectly in cell wall synthesis through its role in intracellular trafficking. Having 
said, more work will be needed to establish link between MON2 and cell wall dynamics. 
Despite of this, this study presents first novel insight into potential role of MON2 in 

























4.1.1 Conserved domains of Mon2p 
Recently, the domain architecture of SEC7 family protein has been redefined [173]. Besides 
the catalytic domain known as SEC7 domain, five other domains have been identified. They 
are aptly named as DCB (Dimerisation/Cyclophilin Binding), HUS1 (Homology Upstream of 
SEC7), HDS1 (Homology Downstream of SEC7), HDS2 and HDS3. Similar analysis of 
MON2 by Efe et al, had identified a total of six conserved domains (A to F) based on their 
similarity with other fungal MON2 homologs [137]. Among these six domains, three domains 
were found to be conserved with SEC7. Domain B, C and D were found to be similar to the 
DCB, HUS1 and HDS1/2 domain of SEC7 protein respectively [137]. Interesting, SEC7 
catalytic domain was not identified in MON2 protein, suggesting that MON2 might not have 
GEF activity [137]. Localisation and association of MON2 to the membrane was found to be 
dependent on the N-terminal possibility through domain B (DCB of SEC7) [135, 137]. Under 
normal and stressed growth condition, domain F was observed to be required for the viability 
of mon2Δ mutant strains, suggesting that domain F might be crucial for function of MON2 
[137]. In addition, a N(Y/F)DC(D/N) motif, also known as HUS box, was identified in 
domain C. This motif is highly conserved throughout the members of SEC7 protein family, 
hinting the importance of this domain [173]. In MON2, domain C was found to be required 
for interaction between MON2 and ARL1, however it is still not clear whether domain C is 
able to catalyst the activation of ARL1 [140]. The function of the other homolog domains (A, 
D and E) is still not well- elucidated, however it was predicted that these domains have high 




4.2.1 Domain C and D of MON2 protein is crucial for regulation of AMT process 
MON2 is a highly conserved peripheral membrane protein that has homologs identified in a 
wide range of organism. Multiple sequence alignment using various fungal MON2 homologs 
have led to identification of six highly conserved protein domains, domain A to domain F 
87 
 
(Figure 4.1) [137]. Among the six domains identified, domain B, C and D we're found to 
display high homology to DCB (Dimerisation/Cyclophilom binding), HUS1 (Homology 
Upstream of SEC7) and HDS1/2 (Homology Downstream of SEC7) domains of SEC7 protein 
respectively [137, 173] (Figure 4.1). Conversely, the function of the other domains is not 
known.  
 
Based on the predicted functions of MON2 protein, we were unsure of how MON2 regulates 
the transformation process, and also what are the roles of these domains on regulating AMT. 
Therefore in order to determine which domain of MON2 protein is crucial for regulation of 
AMT, a series of N- and C- terminal truncated MON2 protein were generated. The truncation 
was performed based on the conserved MON2 domains predicted earlier [137]. To generate 
truncated MON2 proteins, a series of primers were designed to amplify MON2 from WT 
gDNA, where targeted domains were excluded during the amplification process. The 
resulting fragments were inserted into pHT105 yeast expression vectors, where expression of 
truncated MON2 was regulated via ADH1 promoter and terminator.  
 
For N-terminal deletion, four constructs, pHT105-mon2[C-F], pHT105-mon2[D-F], pHT105-
mon2[E-F] and pHT105-mon2[F], were generated (Figure 4.2A). For C- terminal deletion, 
four construct were generated, pHT105-mon2[A-B],  pHT105-mon2[A-C], pHT105-mon2[A-
D] and pHT105-mon2[A-E] (Figure 4.2A). These constructs were introduced into mon2Δ S. 
cerevisiae via LiAce transformation. Susceptibility of complemented mon2Δ S. cerevisiae to 
A. tumefaciens was tested using EHA105-pHT101. As a control, WT-pHT105, mon2Δ-
pHT105 and mon2Δ-pHT105-mon2[FL] was also included in this experiment. After 
cocultivation with EHA105-pHT101, a 2.5-fold increase in transformation efficiency was 
maintained in mon2Δ-pHT105 when compared with WT. Similarly, transformation efficiency 
of mon2Δ-pHT105-mon2[FL] return to level similar to WT. However, when mon2Δ S. 
cerevisiae was complemented with only A to C, no suppression in transformation efficiency 
was observed, suggesting that domain A and C might not have a crucial role in mediating A. 
tumefaciens mediated transformation. When mon2Δ S. cerevisiae was complemented with 
mon2[A-D], the AMT efficiency decreases to level similar to that of WT. This data suggests 
that domain D might be required for MON2’s regulation of the transformation process. When 
domain A to domain B of MON2 were deleted, the transformation efficiency was maintained 








Figure 4.1 Homology between MON2 and SEC7 protein. 
MON2 and various fungal MON2 homologs have six predicted conserved domains, domain A 
to domain F. Among these domains only domain B, C and D were found to be homologous to 
SEC7 protein. Domain B is homologous to Dimerisation/Cyclophilin Binding (DCB) domain 
of sec7p, domain C is homologous to HUS (Homology Upstream of Sec7p) domain of sec7p 
and domain D is homologous to HDS1 (Homology Downstream of Sec7p 1) and HSD2 






Figure 4.2 AMT efficiency of mon2Δ mutant complemented with N- and C-terminal 
truncated MON2 protein. 
(A) Schematic representation of various N- and C- terminal truncated MON2 protein. (B) 
Transformation efficiency of mon2Δ S. cerevisiae complemented with various truncated 
mon2p. Suppression of higher transformation efficiency was observed in mon2Δ mutant 
complemented with full length mon2p and mon2p fragment containing domain A-D, A-E and 






tumefaciens mediated transformation. However when domain C was deleted in N-terminal 
truncated mon2p, the suppression of AMT efficiency is not sustained. This result seems to 
suggest that domain C might also have a role in regulation AMT, together with domain D 
(Figure 4.2B).   
 
Next, we would like to determine whether domain C and domain D alone is sufficient to 
suppress the augmented transformation efficiency. Therefore, similar to previous experiment, 
domain C and D of MON2 protein were amplified and inserted into pHT105. Interestingly, 
when complemented with only domain C or D, the suppression of AMT efficiency was not 
achieved (Figure 4.3). This result suggest that domain C and D alone is not sufficient to 
complement MON2’s regulatory role on AMT. In addition to these, a MON2 fragment 
containing both domain C and D was also used to complement mon2Δ. Interestingly, the 
inclusion of both domain C and D is sufficient to rescue the mutant’s phenotype (Figure 4.3). 
Taken together, these results indicate that both domain C and domain D alone is crucial and 
sufficient for complementing the role of MON2 on AMT process. In addition, the result also 
showed that mutual cooperation between these two domains are needed, as expressing either 
one of the domains is insufficient to suppress the augmented AMT efficiency of mon2∆ 
mutant.  
 
4.2.2 Domain C is required for the punctuate distribution of MON2-GFP 
In the previous section, we have shown that both domain C and D of MON2 protein are 
crucial for regulation AMT. Given the absence of other domains, we were interested in 
whether the localisation or distribution of MON2 protein will be perturbed. Previously, 
localisation of GFP-tagged MON2 protein was described. From this experiment, GFP-mon2 
was observed to display punctate pattern [137]. To confirm this, GFP was inserted directly at 
the C-terminal of MON2 in WT S. cerevisiae via homologous recombination (WTmon2-GFP-
URA3). Indeed, MON2 protein was also observed to form punctate pattern in the cytoplasm as 
reported (Figure 4.4). However in comparison, the signal observed in our lab is much weaker 
and lesser GFP dots were observed, perhaps due to different tagging approach promoter used. 
Interestingly, when only domain C and D of MON2 protein were expressed as GFP fusion 
protein, the punctuated pattern was maintained. However, when domain C or domain D was 
expressed separately, the punctuated pattern was disrupted and diffuse GFP signal was 







Figure 4.3 AMT efficiency of mon2Δ mutant complemented with terminally truncated 
MON2 protein. 
(A) Schematic representation of truncated MON2 protein. (B) AMT efficiency of mon2Δ 
mutant after complemented with domain C, domain D or domain C-D. The phenotype of 
mon2Δ mutant complemented with domain C or domain D is not rescue. However in the 
presence of domain C-D, the high TE of the mutant is suppressed. Data shown are 








Figure 4.4 Localisation and distribution pattern of GFP-tagged MON2 protein. 
(A) Schematic representation of truncated mon2p. (B) S. cerevisiae expressing full length 
mon2p and domain C-D of mon2p, punctuated distribution was observed. While diffused 


















F, the punctuated distribution of MON2 protein is not perturbed, and this distribution pattern 
is dependent on domain C of mon2p.   
 
4.2.3 MON2 protein co-localised with Golgi and partially with vacuole 
Through multiple studies, MON2 protein was shown to localise with various membrane-
bound organelle. In one such study, a GFP tagged mon2p was found to co-fractionate with 
KEX2 and PEP12 proteins, which are markers for Late-Golgi/ Early-Endosome (LG/ EE) and 
Late Endomsome (LE) respectively [137]. However further florescence analysis reveal that 
MON2 does not display localisation with LE, in addition, mon2-GFP was found to localise 
preferentially to PIP4 instead of PIP3, suggesting predominant localisation to LG [137]. As 
we have shown that domain C-D, in the absence of other domains, is able to complement the 
role of MON2 in AMT, it is intriguing to see whether the localisation of MON2 protein to 
these membrane-bound organelles is affected. 
 
First to validate the localisation of MON2, mCherry-tagged organelle markers were co-
expressed in WTmon2-GFP-URA3. For labelling of Endoplasmic Reticulum (ER), Vacuole, LE 
and Golgi, ER localising signal HDEL, VPS21, VPS1 and SYS1 protein were fused with 
mCherry respectively. In S. cerevisiae, these mCherry fusion markers were regulated by the 
ADH1 promoter. Among these, mon2-GFP was observed to co-localise with SYS1, which is a 
golgi marker (Figure 4.5). In addition, mon2-GFP also co-localises partially with the 
peripheral of the vacuole, highlighted by VPS21 (Figure 4.5). On the other hand, no co-
localisation was detected between mon2-GFP with both the ER and LE markers (Figure 4.5). 
With the exception of vacuole co-localisation, these results were in agreement with what was 
reported previously, confirming the predominant localisation in MON2 to the golgi, 
suggesting golgi as the primary site of action for MON2 protein. 
 
To determine whether Mon2p[C-D] is able to localise to the golgi, SYS1 golgi marker was co-
expressed with Mon2p[C-D] GFP fusion protein in S. cerevisiae. Interestingly, though 
Mon2p with domain C and D is still able to form the punctuate distribution, the GFP dot does 
not co-localise with SYS1, suggesting that MON2 protein does not co-localise to golgi in the 
absence of the other domains, likely due to “mis-localisation” (Figure 4.6). From this results, 
it became clear that localisation of MON2 to the Golgi is irrelevant to MON2’s regulatory 
94 
 





























Figure 4.5 Co-localisation of mon2p with membrane-bound organelle. 
To determine the localisation of mon2p, various organelle markers were fused with mCherry 
and expressed in WTmon2-GFP-URA3. GFP-tagged MON2 was observed to co-localise with both 







Figure 4.6 Co-localisation of truncated mon2p with membrane-bound organelle. 
To determine whether domain C-D of mon2p also localised to golgi, sys1-mcherry was co-
expressed with GFP-tagged full-length mon2p, domain C-D of mon2p and domain D of 

















MON2 protein is a large peripheral membrane protein which exhibit homology to SEC7 
family protein [140]. In depth analysis has revealed six conserved domains, domain A to F, in 
MON2 [137]. Among these domains, we have shown that domain C and D are crucial in 
regulating AMT. Mutual cooperation is likely to exist between these two domains as 
independent expression of domain C and D in mon2Δ is unable to suppress the augmented 
transformation efficiency. The function of both domain C and domain D in MON2 protein is 
not well understood, with some exception. Base on its homology to HUS domain of SEC7 
protein, domain C was initially predicted to function as catalytic region of GEF, however this 
was later shown to be untrue [137, 148]. Despite this, domain C is still required for the 
interaction between MON2 and ARL1 GTPase [137]. It is however, unlikely that this 
interaction is required for MON2’s role on AMT as we have shown in the previous chapter 
that MON2 and ARL1 regulate AMT independently. Furthermore, the localisation of ARL1 to 
membrane is also independent of MON2. Domain D, on the other hand, was found to be 
overlapped with HDS1, HSD2 and HSD3 of SEC7 protein [137]. However till date, the role 
of these domains in SEC7 and MON2 protein is not known, with the exception that they form 
highly helical structure [174, 175]. Thus more in depth analysis are required to determine 
how domain C and domain D contributes to the regulation of AMT by MON2. Interestingly, 
in previous study, domain F was speculated to be crucial for the function of MON2 [140]. 
However we have shown in this study that domain F is not crucial for the regulation of AMT 
by MON2. This further highlights the diverse function of MON2 and its complexity. 
 
Previous studies have shown that mon2-GFP displays a punctuated distribution in S. 
cerevisiae cell. Interestingly, we have shown that the formation of this punctuated pattern is 
independent of domain A, B, E and F, and the expression of domain C or D independently 
also leads to loss of the punctuated distribution (Figure 4.4), suggesting that domain C and D 
are both required for the formation of the punctuated distribution pattern. This result seems to 
correlate well with previous observation where the presence of domain C and D is sufficient 
to complement MON2’s role on AMT. This might suggest that the formation of punctuated 
aggregate of MON2 is crucial for regulation of AMT. Therefore it will be interesting to 




Studies have shown that MON2 protein localised primary to the Late-golgi, and this was 
further validated in this study, where GFP-tagged mon2p co-localised primary with SYS, 
which is a golgi marker. In addition, we have shown that MON2 also displayed partial 
localisation with VPS21, which is a vacuole marker. Interestingly, when only domain C and 
domain D of MON2 protein was co-expressed with sys1-mCherry, no co-localisation was 
observed (Figure 4.6). This suggested a shift of MON2 localisation from the Golgi when 
domain A, B, E and F were absence. Currently, the localisation of Mon2p[C-D] fragments is 
still unclear, however based on these results, it is likely that the localisation of MON2 to golgi 
is not a requirement for its role in regulating AMT. Instead, MON2 protein localisation to the 



























5.1.1 Stable transformation of targeted host 
Integration of T-DNA into the host genome marks the stable genetic transformation of the 
targeted host cells. Stably transformed plants are highly desirable in production of transgenic 
plant both in laboratory and agriculture. However, due to low frequency and occurrence of 
this rate limiting event, it is difficult to achieve high stable transformation efficiency of plant 
with A. tumefaciens. Given the importance of T-DNA integration in AMT, this process has 
been studied extensively over the past few decades, and these studies have provided valuable 
insight into the mechanism of T-DNA integration into the host genome. 
 
5.1.2 Role of A. tumefaciens factors in T-DNA integration 
Several pathogens, most notably HIV, encodes integrase protein which facilitates the 
infection of the host by catalysing the integration genetic material of viral or bacterial origin 
into the host-genome (review in [176]). However in A. tumefaciens, no such protein was 
identified. Among the virulence proteins that are known to be delivered into the host cell, 
VirD2 and VirE2 are the two virulence proteins that was shown to interact with the T-DNA 
during the infection process, therefore these two virulence proteins were the likely candidate 
as “integrase” of A. tumefaciens.  
 
VirE2 was quickly rule out as it was shown that T-DNA coating VirE2 was degraded in the 
nucleus via proteasome-dependent degradation thereby releasing the T-DNA from VirE2, a 
process believed to be a pre-requisite for T-DNA integration [111]. Besides VirE2, VirD2 
was also proposed to have functional role in facilitating T-DNA integration [91]. In A. 
tumefaciens, VirD2, together with VirD1 functions as endonuclease and generates copies of 
single-stranded T-DNA from Ti-plasmid during prior host invasion [177]. After which, 
VirD2 was covalently linked to the 5’ end of the T-DNA and served as a pilot protein for 
nucleus importation in the host [93, 101, 177, 178]. Besides being an endonuclease, in vitro 
studies have shown that VirD2 is also able to ligate two cleaved DNA fragments [179]. 
Further analysis revealed that VirD2 harbors H-R-Y motif that is conserved in integrase, 
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suggesting VirD2’s role in T-DNA ligation [91]. However site-directed mutation of H-R-Y 
motif to H-G-Y does not affect the integration of T-DNA in infected plant [91]. In addition, it 
was shown that in an in vitro T-DNA ligation study, plant extract, instead of VirD2, is 
required for integration of T-DNA into the targeted site [180]. Taken together, these 
evidences suggest that virD2 is not crucial for integration of T-DNA into host genome, and 
this process is largely host dependent. 
  
5.1.3 Site of integration 
The site of T-DNA integration has long been an interest to researchers, as understanding of 
T-DNA targeting could very well facilitate the subsequent understanding of the underlying T-
DNA integration mechanism. A large scale study performed on A. thaliana have suggested an 
non-random T-DNA integration pattern, with preferential T-DNA integration at the gene-rich 
region [181-183]. However, in these studies, the transgenic plants used for analysis were 
selected based on positive expression of genetic markers. Therefore it is likely that the 
seemingly preferential targeting to gene-rich region might be a consequence of the higher 
transcription activity at these sites, and as a result, T-DNA integrated at regions of low 
transcription activity could be masked by the selection process. To circumvent this issue, a 
selection-free system was adopted, and T-DNA was found to integrate at the heterochromatic 
regions with frequency similar to those integrated at the euchromatic regions [184].  In 
addition, the integration pattern is also seems to be independent of gDNA methylation pattern 
[184]. Taken together, these studies provide valuable insights into the T-DNA integration 
pattern, where the site of integration was shown to take place randomly, and is independent 
of the genome status and transcriptional activity of the target site [184]. 
 
Having said that, it is currently unclear how T-DNA enters the genome of the host. Several 
studies have suggested that the entry of T-DNA into the genome may take place at the site of 
DNA double-stranded breaks (DSBs) that occur naturally in the host genome during cell 
progression. Evidences supporting this hypothesis came from the observation that plant pre-
treated with DSB-inducing agent such as X-rays resulted in augmented frequency of T-DNA 
integration [185]. Furthermore, transient expression of rare-cutting restriction enzyme which 
induces DSBs in plant also leads to enhanced integration of T-DNA into the genome [186-
188]. Based on these observations, it was postulated that DNA DSBs are site of entry for T-
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DNA during integration. On the other hand, it is also possible that other type of DNA lesions 
could also serve as entry site for T-DNA.  
 
5.1.4 Role of DNA DSBs repair in T-DNA integration 
As mentioned previously, T-DNA integrates into host genome through DNA DSB lesions 
that occur naturally in the host during cell progession. Additionally, conclusive evidences on 
the involvement of bacterial factors on T-DNA integration are also lacking. Hence fore, it is 
likely that this process is highly dependent on host’s DNA DSB repair machinery.  Using S. 
cerevisiae as model organism, the involvement of homologous recombination (HR) and non-
homologous end joining (NHEJ) DSBs repair machinery in T-DNA integration have been 
implicated [189, 190].  
 
HR repair of DNA DSBs involves “bridging” of the gaps in the lesion with homologous 
regions in the intact homologous chromosome or sister chromatids. On the other hand, NHEJ 
repair DSB lesions by joining the damaged DNA ends directly, with reports stating the 
involvement of micro-homology region (reviewed in [191-193]. In S. cerevisiae, genetic 
studies have shown that NHEJ factors such as KU70/80, RAD50, MRE11, XRS2 and LIG4 are 
needed for efficiency integration of T-DNA into the host genome [189]. Beside these, HR 
factors such as RAD51 and RAD52 were also shown to be needed for integration of T-DNA 
into the genome via HR pathway [190]. Taken together, studies performed on S. cerevisiae 
have provided valuable insight into the crucial involvement of host DNA DSB repair 
machinery in integration of T-DNA.  
 
In A. thaliana, homologs of these DNA repair proteins were identified [194]. Using A. 
thaliana as model, the role of these homologs in T-DNA integration was assayed through 
genetic approaches. Unlike S. cerevisiae, studies performed on A. thaliana were proven to be 
less conclusive. AtKU80, homolog of KU80 in S. cerevisiae, a known factor of NHEJ, was 
shown to reduce the efficiency of T-DNA integration when deleted in A. thaliana [195, 196]. 
Furthermore, efficiency of T-DNA integration was also enhanced when AtKU80 expression 
was augmented [196]. This observation seems to suggest a substantial role of AtKU80 in 
integration of T-DNA into A. thaliana genome. However, study done by other group has 
yield contradicting result, where AtKU80 was shown to be insignificant for T-DNA 
integration [197]. Similarly, AtLIG4’s (DNA ligase needed for NHEJ repair of DSBs) role on 
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T-DNA integration is still debatable with reports supporting both sides of the claims [195, 
198]. These contradicting views and results highlighted the difficulties of studying T-DNA 
integration in A. thaliana. In addition, due to complexity of plant, the involvement of DNA 
repair factors in different cell-type and development stages could be different, therefore 
resulted in different observations if experiments were loosely controlled. Furthermore, it is 
also possible that both NHEJ and HR are able to complement the function of the other 
pathway when one is defective, adding to the difficulties in using plant to study T-DNA 
integration.  
 
As oppose to S. cerevisiae, DNA DSBs repair in plant take place predominantly via NHEJ 
pathway instead of HR [199, 200]. Based on this observation, it is very likely that T-DNA 
integration in plant also make use of NHEJ pathway. Therefore it is not surprising that most 
of the studies on T-DNA integration in plant were focused on NHEJ factors. However, as 
mentioned earlier, transient expression of rare-cutting or site-specific endonucleases which 
induces DNA lesion also leads to augmented HR activity, hence the influence of HR in T-
DNA integration should not be ignored [201-206].  
 
5.1.5 Current model(s) of T-DNA integration (Double-stranded break repair model) 
Based on current knowledge obtained from both S. cerevisiae and plant, several T-DNA 
integration models were postulated. One such model suggested that the single-stranded T-
DNA is converted into double-stranded form prior to integration via host’s DNA repair 
machineries, aptly named double-stranded break repair model (DSBR) [207]. In this model, 
the T-DNA containing T- complex was transported into the nucleus across the cytoplasm 
once inside host cell. Even though protected by VirD2 and VirE2, during the trafficking 
process, the less protect 3’ end of T-DNA is subjected to host’s nucleolytic activity, while the 
5’ end remains largely intact due to its covalent linkage to virD2 [155]. Upon entry into 
nucleus, single-stranded T-DNA is converted into double-stranded T-DNA via an unknown 
molecular mechanism. However this process is likely to be dependent on host machinery. In 
addition, this process further leads to loss of several nucleotides at the 3’ end, which was 
shown recently due to asymmetric preferential in polymerisation of the T-DNA sense strand 
[208]. Subsequently, this double-stranded T-DNA can integrate into the host genome via 




T-DNA integration via NHEJ can take place both in plant and S. cerevisiae. Prior to 
integration, KU70/80 heterodimer competes with VirD2 for the double-stranded T-DNA and 
recruits DNA-dependent protein kinase (DNA-PK) to the double-stranded T-DNA. DNA-PK 
might subsequently regulate the DNA repair process through its phosphorylation activity 
[209]. At the same time, KU70/80 heterodimer and DNA-PK are also recruited to the targeted 
site of DNA lesion. Subsequently, primed double-stranded T-DNA (bounded to KU70/80 and 
DNA-PK) was ligated to the DNA DSB lesion via the action of XRCC4-LIG4 complex [209]. 
Alternatively, it is also possible that XRCC4-LIG4 ligates several copies of primed double-
stranded T-DNA before integrating into the host genome, resulting in tandem repeats at the 
integration site.  
 
Besides NHEJ, double-stranded T-DNA can also be integrated into the genome via HR 
pathway. This pathway is more common in S. cerevisiae and less so in plant as NHEJ is the 
predominant DNA DSB repair pathway. When double-stranded T-DNA was integrated via 
HR pathway, the double-stranded T-DNA intermediates were recognised and formed a 
complex with Rad52 instead of KU70/80 heterodimer. It was postulated that RAD52 can only 
bind to the single-stranded end of the T-DNA not occupied by VirD2 (5’ end) [210]. After 
binding to T-DNA, RAD52 recruits and form a nucleolytic complex with MRE11, which is 
responsible for the formation of 5’ end overhangs on the T-DNA. Subsequently, Rad51 
recognise and polymerised onto the 5’ overhangs and form a nucleoprotein complex. At the 
same time, similar processing was performed on the DNA lesion site of the genome by 
RAD52-MRE11 complex and RAD51, preparing the genome for the integration of double-
stranded T-DNA. The nucleoprotein filaments formed on the double-stranded T-DNA screen 
the genome for homologous site and anneal to these sites. Subsequently, the 5’ overhangs are 
repaired via host’s polymerase and ligated to the homologous sites by host’s DNA ligase [94, 
183]. Besides DSBR model, other single-stranded gap repair model was also hypothesised 










5.2.1 mon2Δ mutant displayed deficient in T-DNA integration as compared to WT 
During transformation of host cell, T-DNA is delivered through type 4 secretion system 
(T4SS) [68]. T-DNA delivered into targeted host cell subsequently traverses through the host 
cytoplasm and enters the nucleus through a process facilitated by VirD2. What happened to 
the T-DNA inside the nucleus is still not entirely clear. However several main events must 
take place prior to stable genetic transformation of host. (1) Conversion of single-stranded 
DNA to double-stranded. (2) Targeting T-DNA to host chromatin (3) Integration of T-DNA 
into genome. For transient expression of T-DNA, which take place rather rapidly, targeting 
and integration of T-DNA to the genome is not required [211].  
 
Processing of T-DNA in host cell is largely a host dependent process in plant, and same is 
true for S. cerevisiae. In our system, EHA105-pHT101 was used to transform S. cerevisiae. 
Due to the presence of 2μ replication origin in the binary vector, transient transformation 
(integration independent) is the more predominant than stable transformation (integration 
dependent).  
 
In previous chapter, we have shown that higher T-DNA (pHT101) level was delivered and 
detected in mon2Δ S. cerevisiae population, probably due to its augmented affinity to A. 
tumefaciens. However, in the previous experiments, a 2µ containing binary vector, pHT101, 
was used. Due to the presence of 2µ replication site, integration of T-DNA harbour by 
pHT101 is not required for the transformation of the targeted host. Having said that, 
integration of T-DNA carried by 2µ containing binary vector do take place, albeit at very low 
frequency. As integration is the rate limiting step in the genetic transformation of targeted 
host, we were also interested in whether integration of T-DNA into mon2Δ S. cerevisiae 
genome is also affected in the mutant.  
 
To determine the dynamics of T-DNA in the S. cerevisiae transformants, a PCR strategy was 
developed in our lab. Briefly, primer P3 and P2 was designed to amplify a 500 bases 
fragment across the right border. Amplification of this region indicates that T-DNA was 
delivered into the host genome together with the backbone of the binary vector, and it can 
exist as either integrated or circularised form. In the case where the backbone is absence, no 
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amplification is achieved with P2 and P3, and the T-DNA could also exist in either integrated 
of circularised form. To differentiate these two T-DNA conformations, P1 was used in 
conjunction with P3. Successful PCR amplification with P1 and P3 indicates that the T-DNA 
exist as circularised form, while negative PCR reaction indicates otherwise. As positive 
control, L1 and L2 primers were designed to amplify a 100 bases fragment from LEU gene 
on the T-DNA region of pHT101 (Figure 5.1).  
 
Hence to determine the efficiency of T-DNA integration, the above PCR strategy was 
employed and tested on both WT and mon2Δ pHT101 transformants prepared as described in 
Chapter 2. The PCR genotyping was performed in separate rounds. In the first round, PCR 
amplification was performed with primer P2 and P3 to determine the presence of backbone in 
the delivered T-DNA, interestingly, majority (around 90%) of the transformants tested  
produced a positive band of around 500 bases, suggesting that the pHT101 backbone is 
frequently co-delivered into the S. cerevisiae, on the other hand, only around 10% of 
integration was observed (Figure 5.1). As compared to WT, integration event is less frequent 
in mon2Δ mutant, suggesting a less efficiency T-DNA integration in the mutant.  
 
5.2.2 mon2Δ mutant is sensitive to UV irradiation 
The presence of functional DNA repair pathway is crucial for the repair of DNA damages 
occur naturally during DNA replication and synthesis or through exposure to environmental 
factor such as UV irradiation. Over exposure to UV radiation usually leads to accumulation of 
several cytotoxic and mutagenic DNA lesion such as 6-4 photoproducts and cyclobutane-
pyrimidine dimers which would ultimately results in DNA DSB, the most dangerous form of 
DNA damage if left unrepaired (as reviewed in [212]. Homologous recombination repair is 
the last line of define against this type of DNA damage and failure to repair this is fatal to the 
cell. Indeed, several genes involve in DNA repair, including RAD51, RAD52 and RAD54, 










Figure 5.1 Genotyping of S. cerevisiae transformants of EHA105-pHT101. 
(A) PCR amplification strategy. Primer P3 and P2 was designed to amplify a 500 bases 
fragment across the right border. Amplification of this region indicates that T-DNA was 
delivered into the host genome together with the backbone of the binary vector, and it can 
exist as either integrated or circularised form. In the case where the backbone is absence, no 
amplification is achieved with P2 and P3, and the T-DNA could also exist in either integrated 
of circularised form. To differentiate these two T-DNA conformations, P1 was used in 
conjunction with P3. Successful PCR amplification with P1 and P3 indicates that the T-DNA 
exist as circularised form, while negative PCR reaction indicates otherwise. As positive 
control, L1 and L2 primers were designed to amplify a 100 bases fragment from LEU gene 
on the T-DNA region of pHT101. (B) To determine the number of event for each 
conformation, 96 transformants from each S. cerevisiae strains were genotypes. Among 













Previously, we have showed that double-strand break DNA repair, is less than optimal in 
mon2Δ S. cerevisiae. Hence we hypothesize that mon2Δ mutant should also be more sensitive 
to UV irradiation than the WT. To test this hypothesis, both WT and mon2Δ S. cerevisiae 
grown to exponential stage were plated onto YPD agar before exposing to UV irradiation. UV 
treatment was performed using UV cross-linker, emitting UVB ray of 254 nm, with energy 
dose ranging from 100 µJ/cm2 to 1200 µJ/cm2. Across all UV dosage, mon2Δ mutant 
displayed lower recovery rate than WT, indicating that the mutant is more sensitive to UV- 
induced DNA damage (Figure 5.2). This result, consistent with previous results, seems to 
suggest that DNA repair of UV-induced damage is less efficient in mon2Δ mutant.   
 
5.2.3 mon2Δ mutant is more sensitive to chronic exposure to alkylation agent 
In addition to UV treatment, alkylation agent is also known to cause DNA damage and has 
been widely use in mutagenesis experiment [213]. One such alkylating agent is methyl 
methanesulfonate (MMS). MMS induces DNA damage by converting guanine and adenine to 
7-methylguanine and 3-methyladenine respectively, which causes base mismatch and 
replication blockage [214]. Repair of these damages by host DNA repair pathway is 
necessary for the survival of cell exposed to MMS. Evidently, mutant S. cerevisiae with gene 
from RAD52 epistasis group deleted display augmented sensitivity to MMS exposure [215].  
Similarly, based on this knowledge, we hypothesize that given mon2Δ mutant’s less than 
optimal double-stranded DNA repair pathway it is likely that mon2Δ S. cerevisiae is also 
sensitively to MMS treatment. Hence to prove this hypothesis, both WT and mon2Δ S. 
cerevisiae were subjected to MMS treatment as describe in Chapter 2. Briefly, equal amount 
of WT and mon2Δ S. cerevisiae were plated on to YPD agar containing 0, 0.0l%, 0.02%, 
0.03% and 0.04% MMS, and subsequently the growth of S. cerevisiae was quantitated three 
days after plating. Consistence presence of MMS in YPD agar simulates S. cerevisiae’s 
chronic exposure to MMS. 
 
When treated with 0.01% and 0.02% MMS, mon2 mutant does not displayed significant 
decrease in survivability as compared to WT (Figure 5.3). However chronic exposure of 
mon2 S. cerevisiae to 0.03% MMS results in drastic decrease in survival rate. At 0.03% 





Figure 5.2 Survival of S. cerevisiae after exposure to UV irradiation. 
Both WT and mon2Δ S. cerevisiae were exposed to UV dosage ranging from 0 to 1100 
μJ/cm2. Across all tested UV dosage, mon2Δ mutant seems to be less efficiency in recovery 
from the exposure, suggesting inefficient DNA repair pathway in the mutant. Result shown 














cerevisiae displayed only 24.5% survival rate, that is close to 50% reduction when compared 
to WT (Figure 5.3). When treated with 0.04% MMS, no survival was observed in both WT 
and mon2, perhaps due to lethality caused by the high MMS dosage (Figure 5.3). 
Nonetheless, this result clearly demonstrated that mon2Δ S. cerevisiae is more sensitive to 
MMS treatment than WT, suggesting that in the absence on MON2, S. cerevisiae is less likely 
to recover from DNA damage induced by MMS, hence resulted in cell death. This result 
further provides convincing evidence that homologous recombination DNA repair pathway is 
defective in mon2Δ mutant.  
 
5.2.4 Pulse-field gel electrophoresis reveals more prevalent DNA lesions in mon2Δ 
genome 
Previously, by apply environmental stress to mon2Δ mutant, we have shown that DNA repair 
is less efficient in the mutant as compared to WT. Constant DNA repair through cell growth 
and development is crucial for the integrity of the genome to prevent undesirable lethal 
mutation. In the absence of an effective DNA repair system, the integrity of the genome is 
compromised, resulting in more prevalent GAP, nick or mis-match in the genome. Delayed 
repair of these lesions will lead to double-stranded DNA break, a more severe form of DNA 
damage.  
 
As shown earlier, DNA repair is less efficient in mon2∆, suggesting a weaker genome 
integrity. Therefore to determine the genome integrity of the mutant, pulse-field gel 
electrophoresis was performed. After electrophoresis, there is no obvious different in the 
chromosome banding pattern between gDNA prepared from mon2Δ and WT (Figure 5.4). 
This result suggests that though DNA repair is less efficient in mon2Δ S. cerevisiae, the 
defect is not sufficient to cause DNA double-strand breakage in the mutant, most likely due 
to redundancy in the crucial DNA repair pathways. Next, to determine the prevalent of DNA 
gap, nick of mis-match in the genome, the agarose plugs were treated with S1 nuclease. S1 
nuclease is endonucleases which cleave double-stranded DNA specifically where DNA gap, 
nick and mis-match exist. As expected, smearing was observed in plug pre-treated with S1 
nuclease for at least 1 hour (Figure 5.4). Interestingly, the smearing of the observed for 
mon2Δ occurs at lower molecular weight as compared to the WT (Figure 5.4). This result 
indicates the occurrence of more frequent endonucleolytic restriction in the gDNA prepared 




Figure 5.3 Survival of S. cerevisiae in chronic exposure to alkylation agent. 
Both WT and mon2Δ S. cerevisiae were grew in the presence of 0 to 0.04% of MMS. At 
lower MMS concentration, no significant difference in survivability was observed. However 
at 0.03% MMS concentration, the survival of mon2Δ mutant is severely impaired with only 
24.6% survival rate as compared to 50.7% of WT. This result indicates that mon2Δ mutant is 
















further suggests that DNA repair pathway in mon2Δ mutant is less efficient as compared to 
WT. 
 
5.2.5 T-DNA integration via Homologous recombination is affected in mon2Δ mutant 
Previously, we have showed that integration of T-DNA into mon2Δ mutant is less efficient 
than WT, as lesser mon2Δ pHT101 transformants were detected with integrated T-DNA as 
compared to WT, suggesting that to T-DNA integration could be less efficient in the mutant. 
As mentioned earlier, in S. cerevisiae, integration of T-DNA into the host genome could take 
place via HR or NHEJ DSB repair pathway. In order to further determine which DNA repair 
pathway is impaired in mon2Δ mutant, three additional binary vectors were constructed. The 
binary vector pQH304 is a 2µ containing binary vector, similar to pHT101. However, for 
pQH304, T-region contains URA3 gene instead of LEU2. To determine the efficiency of T-
DNA integration via homologous recombination, pQH304 was modified to include LYS2 up- 
and down-stream sequencing, inserted into 5’ and 3’ end flanking URA3 respectively. To 
prevent the replication of re-circularised T-DNA, 2µ is removed. This binary vector was 
named pQH303, and successful transformation is dependent on the integration of the T-DNA 
into host genome via homologous recombination. To determine the efficiency of T-DNA 
integration via NHEJ pathway, pQH302 was constructed. pQH302 binary vector is similar to 
pQH303, but with the one exception. In pQH302, LYS2 up- and down-stream sequence 
flanking URA3 gene is not presence (Figure 5.5A). These binary vectors were introduced into 
EHA105 A. tumefaciens strain in order to transform S. cerevisiae. Transformation of S. 
cerevisiae with these A. tumefaciens strains were performed as described in Chapter 2. As 
expected, when EHA105-pQH304 was used, mon2Δ mutant displayed more than two-fold 
increase in transformation efficiency as compared to WT. This result is in agreement with the 
result observed previously when S. cerevisiae was transformed via EHA105-pHT101. 
Interestingly, when transformation of mon2 S. cerevisiae was mediated by EHA105-pQH303, 
a five-fold decrease in transformation efficiency was observed as compared to WT (Figure 
5.2B).  However when EHA105-pQH302 was used to transformed S. cerevisiae, the 
transformation was unsuccessful as no transformant was observed after co-cultivation. 
Similar studies done by other groups have succeeded in transforming S. cerevisiae via NHEJ 







Figure 5.4 Pulse-field gel electrophoresis analysis of S. cerevisiae genome integrity. 
After electrophoresis, no significant difference in chromosome banding pattern was observed 
between WT and mon2Δ mutant, suggesting that there is no severe disruption to the mutant’s 
genome integrity even though DNA repair is less efficient. After treatment with S1 nuclease, 
smearing was observed in both WT and mon2Δ mutant, suggesting the natural occurrence of 
DNA lesions in S. cerevisiae genome. However the smearing observed in mon2Δ mutant 
occurred at lower molecular weight than the WT. This suggests that the genome of mon2Δ 








Figure 5.5 AMT of S. cerevisiae with T-DNA integration dependent binary vector. 
(A) Schematic representation of T-DNA integration binary vectors, pQH302, pQH303 and 
pQH304. (B) As expected more than three-fold increase in transformation efficiency was 
maintained in mon2Δ mutant when 2μ binary vector pQH304 was used. When homologous 
recombination dependent binary vector, pQH303 was used, a five-fold decrease in AMT was 
observed in mon2Δ mutant, suggesting a less efficiency homologous recombination in the 
mutant. No transformant was observed when NHEJ dependent binary vector was used. Result 








cocultivation condition used. Nonetheless, results from this experiment have implied that T-
DNA integration via homologous recombination is impaired in mon2Δ S. cerevisiae.  
 
5.2.6 Defective integration of DNA is not specific to A. tumefaciens 
In order to determine whether the defect in integration of T-DNA observed in mon2Δ mutant 
is specific to A. tumefaciens, both pQH303 and pQH304 was introduced into both WT and 
mon2Δ S. cerevisiae abiotically via LiAc as described in Chapter 2. When pQH303 was 
introduced to S. cerevisiae via LiAC, transformation efficiency of mon2Δ is lower than WT 
by five-fold when compared with WT (Figure 5.6). This result seems to suggest that 
resistance to EHA105-pQH303 transformation is not specific to A. tumefaciens. This is not 
surprising as it was already well established that integration of T-DNA into host genome is 
mainly dependent on host factors [180].  
 
On the other hand, when mon2Δ mutant was transformed with pQH304 via LiAce, close to 
two-fold decrease in transformation efficiency was observed (Figure 5.6). This decrease in 
transformation efficiency is likely due to defects in endocytotic pathway. Having said that, 
one might also argue that the decrease in transformation efficiency observed previously in 
mon2Δ mutant could also due to the absence of an efficient endocytotic pathway. However 
when the severity of reduction in transformation efficiency was compared between pQH303 
or pQH304-mediated process, it became clear that defective endocytosis pathway is 
insufficient to explain the more dramatic decrease in transformation efficiency when 
pQH303-mediated process was examined (Figure 5.6). Hence based on these, we believe that 
defects of endocytosis pathway in mon2Δ S. cerevisiae is not the reason for the drastic 
decrease in transformation efficiency when pQH303 was used.  
 
Taken together, mon2Δ S. cerevisiae resistance to abiotic transformation by pQH303 reveals 
that homologous recombination pathway of DNA DSB repair is defective in the mutant, and 
defect in this pathway is independent of A. tumefaciens or T-DNA, and is predominantly 
determined by host factors. This observation is in agreement with current T-DNA integration 
model whereby integration of T-DNA into host genome is believed to be largely dependent 





Figure 5.6 LiAce transformation of S. cerevisiae with pQH303 and pQH304. 
(A) Schematic representation of pQH303 and pQH304 binary vector. (B) LiAce 
transformation efficiency of mon2Δ S. cerevisiae is 0.2 time and 0.7 times that of WT for 














5.2.7 Homologous recombination is less efficient in mon2Δ S. cerevisiae 
As reported earlier, transformation of S. cerevisiae by EHA105-pQH302 is inefficient, and 
we were unable to obtain sufficient transformants for any meaningful analysis. Although 
homologous regions were presence in pQH303 binary vector, T-DNA carried by pQH303 
could also be integrated into host genome via NHEJ DNA repair pathway, hence we were 
unable to rule out the involvement of NHEJ pathway in T-DNA integration in S. cerevisiae. 
In order to distinguish the role of HR and NEHJ during T-DNA integration, a competitive 
plasmid repair assay was performed as described in [216] to determine whether there is any 
shift in NHEJ/ HR ratio.  
 
In this experiment, a competitive repair plasmid was designed to carry URA3 and HIS5 
coding sequence. In this construct (pQH213), URA3 was split into two fragments interrupted 
with two stop cordons and a BamHI site. The presence of BamHI Restriction site allows the 
linearization of the plasmid before introducing into S. cerevisiae via LiAce as described in 
Chapter 2. The stop cordons inserted into URA3 served as trap which prevents the expression 
of functional URA3 when the plasmid was repaired via NHEJ. In which case, the 
transformants will obtain His+/Ura- phenotype. In contrast, if the linearized plasmid was 
repaired via homologous recombination, functional URA3 will be expressed, resulting in 
transformants with His+/Ura+ phenotype. In order to achieve a 1:1 NHEJ to HR ratio, 
homologous region of 11 bases was left intact between the two URA3 fragments (Figure 
5.7A). Interestingly, when mon2Δ S. cerevisiae were transformed with linearised pQH213 
plasmid, the transformation efficiency was five-time lower than that of WT, further indication 
mon2Δ deficiency in repairing the linearised plasmid (Figure 5.7B).   
 
When WT was transformed with linearized pQH213, close to 41% of the transformants 
display His+/Ura+ phenotype, suggesting 40% of the transformants contain plasmid repaired 
via homologous recombination event, and this result suggest that in the presence of 11 based 
homologous region, HR:NHEJ ratio of close to 1:1 is achieved. Hence, in order to determine 
ratio of HR and NHEJ in mon2Δ mutant, the above mentioned competitive plasmid repair 
assay was performed on the mon2Δ S. cerevisiae. As a control, rad51Δ and ku80Δ deletion 
mutant were also assayed in this experiment to replicate the loss of HR and NHEJ pathway 
respectively. As expected, in the absence of RAD51 only 18% of pQH213 transformants 
obtains His+/Ura+ phenotype (as oppose to 41% observed in WT), suggesting that linearized 
pQH213 was repaired mainly via NHEJ DNA repair pathway (Figure 5.8). In addition, when 
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KU80 was deleted, more than 80% of pQH213 transformants display His+/Ura+ phenotype, 
suggesting that linearised pH213 was repaired mainly via HR pathway in ku80Δ mutant 
(Figure 5.7). Interestingly, when similar assay was performed on mon2Δ S. cerevisiae, only 
13% of the transformants display His+/Ura+ phenotype. This data suggest that similar to 
rad51Δ mutant, linearized pQH213 was repaired predominantly via NHEJ pathway in 
mon2Δ.  
 
Taken together, these data show that repair of double-stranded plasmid in mon2Δ mutant is 
less efficient that WT, and if repair of plasmid do take place, the plasmid are primary repaired 
via NHEJ pathway. This suggests that MON2 plays a positive role in regulating HR repair of 
double-stranded DNA, and this is in agreement with previous observation that T-DNA 
integration in mon2Δ mutant is inefficient.   
 
5.2.8 MON2 protein does not localise to nucleus 
Based on current knowledge, MON2 is believed to function mainly in intracellular protein 
trafficking, and there is no direct evidence on MON2 role in regulation DNA repair factors. In 
addition, the localisation of MON2 protein was found primary localised to the golgi and 
vacuole. Therefore to determine whether MON2 localise to the nucleus, where DNA repair 
take place, DAPI staining was performed on WTmon2-GFP-URA3. As expected, no co-localisation 
between mon2-GFP and DAPI was observed (Figure 5.9). This result suggests that MON2 
does not localise to the nucleus and MON2’s effect on DNA repair pathway should be an 
indirectly one.  
 
5.2.9 Localisation of H2Ax to the nucleus is affected in mon2Δ S. cerevisiae 
Previously we have shown that DNA repair, more specifically, double-stranded DNA repair, 
is less efficient in mon2Δ S. cerevisiae. As mentioned earlier, double-stranded DNA repair 




Figure 5.7 LiAce transformation efficiency of S. cerevisiae with linearised pQH213. 
(A) Schematic representation of linearised pQH213. Linearised pQH213 repaired via HR 
confers transformants His+/Ura+ phenotype, while plasmid repaired by NHEJ confers 
transformants His+/Ura- phenotype. (B) LiAce transformation efficiency of mon2Δ mutant 
by linearised plasmid is five times lower than WT. Result shown is obtained from at least 













Figure 5.8 Figure 5.8 Competitive plasmid repair assay of pQH213 in S. cerevisiae. 
S. cerevisiae transformants obtained from transformation with linearised pQH213 was 
streaked onto Ura dropout medium. Transformants with His+/Ura+ phenotypes were able to 
survive on Ura dropout medium, indicating homologous recombination repair of plasmid, 
while transformants with His+/Ura- phenotype were unable to survive on Ura dropout 
medium, indicating NHEJ repair of plasmid. 13.2% of transformants obtained from mon2Δ 
mutant displayed HR phenotype, which is similar to rad51Δ mutant which are inefficient in 
HR pathway. In comparison, more than 40% of WT displayed the similar phenotype, while 
ku80Δ mutant, which are defective in NHEJ, more than 80% of the transformants contain 







Figure 5.9 Nucleus localisation assay of mon2p. 
To determine whether mon2p is localise to the nucleus, DAPI staining was perform on 
WTmon2-GFP-URA3. No DAPI co-localisation was observed, indicating the mon2p does not 























joining (NHEJ) pathway. For HR pathway, nucleus protein such as RAD50, RAD51, RAD52 
and MRE11 are involved. As for NHEJ pathway, the major proteins involved are KU70 and 
KU80. In the absence of DNA stresses or damage, some of these proteins are localise to the 
cytoplasm and import into nucleus only after receiving signal, most likely from TEL1 (ATM) 
or RAD53 (ATR) [217].  
 
Based on this and our previous observations, we hypothesize that MON2 might involve in the 
importation of these DNA repair protein into the nucleus. In order to determine whether the 
nucleus localisation of these proteins are affected in mon2Δ mutant, DNA repair proteins 
RAD50, RAD51, RAD52 and MRE11, were tagged with mCherry and expressed in S. 
cerevisiae with mon2Δ background. Interestingly, none of these mCherry-tagged DNA repair 
protein display any mis-localisation when expressed in mon2Δ (Figure 5.10), suggesting that 
MON2 is not involve in the nucleus localisation of these nucleus protein.  
 
Besides aforementioned DNA repair proteins, Histone protein, in particular H2Ax, is also 
involved in double-stranded DNA repair. It was shown that H2Ax was phosphorylated rapidly 
upon the presence of DNA damage, forming foci at the site of the DNA damage [218, 219]. 
The formation of these foci was found to be crucial for the recruitment of DNA repair factors, 
such as RAD50 and RAD51, to the damage site, thus initiating and facilitating the DNA repair 
process [219, 220].  
 
Similarly, to determine whether the localisation of H2AX to the nucleus is being affected in 
mon2Δ, GFP-tagged H2Ax was expressed in the mutant. Interestingly, incomplete localisation 
of GFP-tagged H2Ax was observed in mon2Δ with accumulation of cytoplasmic GFP foci 
(Figure 5.11). In comparison, VirD2-GFP nucleus localisation is not affected in mon2Δ 
mutant, indicating that the mis-localisation is specific to H2Ax. This result suggests that 
localisation of H2AX to the nucleus might involve intracellular protein trafficking regulated 











Figure 5.10 Localisation of DNA repair factors in S. cerevisiae. 
To determine whether localisation of DNA repair factors is affected in mon2Δ mutant, 
RAD50, RAD51, RAD52 and MRE11 were tagged with mCherry and expressed in both WT 
and mon2Δ mutant. No mis-localisation was observed in mon2Δ mutant, suggesting that 




Figure 5.11 Nucleus localisation of H2Ax in S. cerevisiae. 
In the absence of MON2, the localisation of GFP-tagged H2Ax seems to be incomplete with 
GFP dots observed in the cytoplasm, while similar phenotype was not observed in WT. In 
comparison, no mis-localisation was observed when GFP-tagged VirD2 was expressed in 




5.3 Discussion  
 
As oppose to study done in chapter 3, in this chapter, we have shown that mon2Δ has a lower 
stable transformation efficiency. Genotyping of pHT101 transformants obtained from mon2Δ 
S. cerevisiae reveal lower number of colonies with T-DNA integrated into the genome. As 
mentioned earlier, integration of T-DNA into the host genome is largely a host-dependent 
process involving DNA repair pathway. Hence a lower T-DNA integration seems to suggest 
that mon2Δ might have lower DNA repair efficiency as compared to WT.  
 
Indeed mon2Δ mutant was shown to be more sensitive to DNA damaging factors such as UV 
radiation and DNA alkylating agents. In addition, by combining pulse-field gel 
electrophoresis with S1 nuclease digestion, we have also shown that DNA lesions such as 
DNA gap, nick and mis-match are more prevalent in the mutant than the WT, confirming that 
DNA repair is less efficient in mon2Δ S. cerevisiae.  
 
pHT101 binary vector is a 2μ containing plasmid, therefore majority of the T-DNA detected 
in the transformants were re-circularised binary vectors leading to lower T-DNA integration 
count. To address this issue, integration dependent binary vectors, pQH302 and pQH303, 
which lack 2μ, were used. pQH302 binary vector requires the integration of T-DNA via 
NHEJ pathway, while pQH303 requires T-DNA to integrate via HR pathway. Interestingly, 
when EHA105-pQH302 was used during to transform S. cerevisiae, very little to no 
transformants were observed in both WT and the mutant. This is likely due to the low 
efficiency of NHEJ in S. cerevisiae, where HR is the more prefer pathway for DNA repair 
and T-DNA integration. Transformation of S. cerevisiae with EHA15-pQH303 was met with 
more success than EHA105-pQH302, where descent amount of transformants were observed 
for both S. cerevisiae strains tested. As expected, the transformation efficiency of mon2Δ is 
five-fold lower than that of WT, suggesting that T-DNA integration via homologous 
recombination if less efficient in mon2Δ. As expected, when pQH303 binary vector was 
delivered via abiotic means, similar result was observed, confirming that T-DNA integration 
is a host-dependent process. In addition to these, repair of linearized double-stranded plasmid 
(pQH213) was also found to be less efficient in mon2Δ, as transformation efficiency is five 
time lower than WT when linearise pQH213 was introduced into  mon2Δ via LiAce (Figure 
5.7). This result, in agreement with previous results, suggests that DNA repair is less efficient 
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in the mutant. In addition, further analysis has revealed that NHEJ repair pathway is the 
dominant (86.8%) pathway used for repair linearised pQH213 in the absence of MON2. 
 
Taken together, these results indicate that repair of double-strand break is indeed less 
efficient in mon2Δ mutant, resulting in the high sensitivity to DNA damages. In addition, 
NHEJ was determined to be the primary repair pathway used for repairing double-strand 
break if repair is needed. Intriguingly, these observations also support our hypothesis that the 
lower T-DNA integration event observed in mon2Δ mutant is due to defect in DNA repair, in 
particular, homologous recombinant was shown to be affected more. 
 
Interestingly, MON2 is a relatively well-studied protein due to its homology to an important 
group of GEF, SEC7. Till date, there is no concrete evidence of MON2 in regulating DNA 
repair. However on the genetic level, MON2 seems to have certain level of interaction with 
DNA repair factors. For example, in a genetic screening performed by Pan X, et al, MON2 
displayed synthetic lethality with MRE11, XRS2 and RAD50 (MRX complex) mutants [221]. 
In addition, doa1Δ mutant which displayed moderate to severe growth defect when expose to 
UV irradiation and MMS, exhibits synthetic lethality in the when MON2 was deleted [222, 
223]. These studies provide compelling evidences that MON2 does indeed play a role in 
repair damaged DNA.  
 
In this study, we have shown that the localisation of GFP-tagged H2Ax is incomplete in 
mon2Δ S. cerevisiae (Figure 5.10). H2AX, a variant of histone proteins, was previously 
shown to be phosphorylated rapidly and form foci at the breakage site in response to DNA 
damage. This process is needed to recruit DNA repair factors such as RAD50 and RAD51 to 
the damage site [218]. Therefore this result seems to hint that the inefficient HR pathway in 
mon2Δ mutant could be due to incomplete nucleus localisation of H2Ax, affecting recruitment 
of downstream DNA repair factors. Even though it is well established that mon2Δ is involved 
in intracellular protein trafficking involving membrane bound organelle such as golgi, we are 
currently unclear how mon2Δ mediated the localisation of H2Ax to the nucleus and more 









6.1.1 Role of MON2 in plant 
In the previous chapters, the roles of MON2 on A. tumefaciens mediated transformation have 
been studied extensively in S. cerevisiae. Our study has shown that MON2 plays multiple 
roles in the transformation process. Firstly, we have shown that in the absence of MON2, the 
mutant S. cerevisiae is highly susceptible to transient transformation mediated by A. 
tumefaciens. More detailed studies have shown that the augmented susceptibility to transient 
transformation is due to higher amount of T-DNA delivered into the mon2Δ S. cerevisiae 
cells, probably due to higher affinity of the mon2Δ mutant to A. tumefaciens.  
 
Secondly, much to our surprise, in the absence of MON2, S. cerevisiae seems to be more 
resistant to stable transformation by A. tumefaciens. Subsequently, studies have shown that 
mon2Δ S. cerevisiae is highly sensitive to UV irradiation and MMS treatment, suggesting a 
defect in DNA repair mechanism. Indeed, we have shown that double-strand break repair of 
DNA damages via Homologous recombination pathway in mon2Δ mutant is much less 
efficient than WT S. cerevisiae, and the defect observed is comparable to that of rad51Δ 
mutant. Therefore, taken together, these data seems to suggest that mon2Δ mutant higher 
resistant to stable transformation is probably due to the mutants defect in DNA repair, leading 
to inefficiency integration of T-DNA into the genome. As the natural host of A. tumefaciens 
is plant, we are interested in whether plant homolog of MON2 also plays similar roles in A. 
tumefaciens mediated transformation of plant.  
 
As mentioned earlier, MON2 is a highly conserved proteins with homologs found in wide 
range of species [137]. However, much of the studies on MON2 were performed in S. 
cerevisiae and Homo sapiens, and very little is known about MON2 in plant. Despite of this, 
due to the high similarity between MON2 homologs, MON2 homologs were identified in 
various plant species via bioinformatics prediction. Therefore in this chapter, the objectives 
are to identify MON2 homologs in N. benthamiana, and also to determine whether plant 





6.2.1 Identification of partial MON2 sequence from N. benthamiana 
Currently, N. benthamiana genome is poorly annotated and no putative MON2 was predicted. 
In order to identify MON2 homolog in N. benthamina, multiple sequences alignment (MSA) 
was performed to determine highly conserved regions among MON2 homologs obtained from 
various plant species. To perform MSA, cDNA sequence from AtMon2 was used as query 
and BLASTn was performed with query dataset limited only to plant. The top BLAST hits 
include MON2 homologs from Vitis vinifera, Glycine max, Ricinus communis and Populus 
trichocarpa. MON2 homolog cDNA sequences of these plant species were downloaded from 
database and used for subsequent alignment. Based on the MSA, several conserved regions 
were identified and primers were designed based on these conserved regions. Using these 
primers, RT-PCR was performed on cDNA extracted from N. benthamina leaves. Among the 
primer combinations tested, two primer combinations, nbmon-1F/nbmon-1R and nbmon-
1F/nbmon-3R, successfully produced amplicons of 800 (Nbseq1) and 2000 (Nbseq2) bases 
respectively (Figure 6.1). These two fragments were subsequently sequenced. Sequence 
analysis revealed that Nbseq2 fragment exhibits over 90% similarity with predicted MON2 
homologs of Solanum lycopersicum and can be mapped to one of the contig of N. 
benthamiana (Figure 6.2). This data seems to suggest that the newly identified fragment, 
Nbseq2, indeed belongs to MON2 homolog of N. benthamiana (NbMON2). Sequencing and 
subsequent analysis revealed that fragment Nbseq1 is not homologous to MON2, and is most 
likely resulted from non-specific priming. Based on the partial MON2 sequence, NbMON2 
silenced plant was generated. 
 
6.2.2 Silencing of NbMON2 via virus-induced gene silencing (VIGS) 
In order to knock-down NbMON2 in N. benthamiana, VIGS approach was adopted [224]. In 
this approach, a region of 500 bases was amplified (based on the partial NbMON2 sequence 
obtained earlier) from N. benthamiana cDNA and inserted into pTRV2 vectors, resulting in 
pTRV2-mi7 construct. This construct was then introduced into A. tumefaciens strain GV3101 
via electroporation. Subsequently, VIGS was performed on seedlings that were four to five 
weeks old, with empty vector pTRV2 as negative control. GV3101-pTRV2-mi2 and 
GV3101-pTRV1 were co-infiltrated into the leaves of the N. benthamiana seedling, allowing 






Figure 6.1 Identification of MON2 homolog in N. benthamiana. 
(A) Based on conserved regions identified in various plant MON2 homologs, several primers 
were designed. Among all the tested primer combination, two primer combinations, nbmon-
1F/nbmon-1R and nbmon-1F/nbmon-3R, successfully produced amplicons of 800 (Nbseq1) 
and 2000 (Nbseq2) bases respectively. Sequence analysis revealed that Nbseq2 fragment is 








Figure 6.2 Homology between MON2 protein sequence of S. lycopersicum (SlMon2p) 
and N. benthamiana (Nbseq2A/Bp). 
Sequence alignment between slmon2p and nbseq2A/Bp revealed high similarity between 




Figure 6.3 Targeted regions for silencing of NbMON2 in N. benthamiana via VIGS. 
A region of 500 bases (mi7) which can be mapped to domain D of MON2 was targeted for 



















To determine the silencing effect of this VIGS approach, real-time PCR were performed on 3 
week post-infiltrated seedling as described in Chapter 2. In this experiment, both WT viral-
free seedlings and GV3101-pTRV2 infiltrated seedlings were used as control. Real-time 
quantitative PCR reveals that NbMON2 level in GV3101-pTRV2-mi7 treated seedlings 
decreased by 60% as compared to both controls (WT and viral control) (Figure 6.4). In 
addition, the NbMON2 level in both WT and viral control was identical, suggesting that the 
presence of viral particles does not affect the level of NbMON2. Taken together, these results 
indicate that GV3101-pTRV2-mi7 is able to decrease the level of NbMON2 three week post-
infiltration of N. benthamiana seedling. Note that silencing of NbMON2 does not result in 
any obvious phenotypic changes to the plant (Figure 6.5).  
 
6.2.3 Transient expression efficiency increase in NbMON2-silenced N. benthamiana 
Previously in S. cerevisiae, efficiency of transformation by EHA105-pHT101 (a 2µ 
containing binary vector) was enhanced in mon2Δ S. cerevisiae, suggesting that absence of 
MON2 leads to augmented transient transformation efficiency in S. cerevisiae. Therefore we 
are interested in whether this is also the case in N. benthamiana. 
 
To test whether silencing of NbMON2 will have the similar effect in plant, NbMon2-silenced 
N. benthamiana plant were infiltrated with EHA105-pQH122. The binary vector pQH122 
was constructed based on pCB301. In pQH122, DsRed, under the regulation of 35S promoter 
was inserted in between left and right border (Figure 6.6A). Expression of DsRed served as 
an indication of successful transient expression of T-DNA. Two to three days after infiltrated 
with pQH122, RFP signal was observed in N. benthamiana leaves. Interestingly, RFP signal 
intensity observed in NbMON2-silenced plant was higher than both WT and viral control 
(Figure 6.6B). In order to quantitate the difference in RFP signal intensity, ImageJ was used. 
Using ImageJ, several fields were chosen randomly, and the RFP signal was converted to 
mean gray value (Figure 6.7A). On average, two-folds increase in RFP signal intensity as 
compared to both controls (Figure 6.7B). This data seems to suggest that NbMON2-silenced 
plants are more susceptible to transient transformation mediated by A. tumefaciens, similar to 







Figure 6.4 Silencing efficiency of NbMON2 in N. benthamiana via VIGS. 
Using real-time PCR, the level of NbMON2 in silenced N. benthamiana was determined to 
decrease by 60% when compared to the controls. Results shown are representative of at least 





Figure 6.5 N. benthamiana infected with tabacco rattle virus for NbMON2 silencing. 






Figure 6.6 Transient expression of DsRed in N. benthamiana. 
(A) Schematic representation of pQH122 binary vector. DsRed, under the regulation of 35S 
promoter, was inserted in between the left border (LB) and right border (RB). (B) Two day 
post-infiltration, expression of DsRed was detected in both NbMON2-silenced plant and the 
control. However, RFP signal observed in the silenced line is stronger than the control, 




Figure 6.7 Computational approaches in quantification of RFP intensity in N. 
benthamiana. 
(A) Using ImageJ program, the RFP signal observed in N. benthamiana was converted to 
mean gray value. (B) Using this approach, RFP intensity in NbMON2-silenced plant was 
determined to be two-fold higher than that of control on average. The result shown here is 











6.2.4 Stable transformation of NbMON2- silenced N. benthamiana plant is affected 
Previously, our work in S. cerevisiae have shown that mon2Δ S. cerevisiae is more resistance 
to stable transformation mediated by A. tumefaciens, most likely due to impaired DNA repair 
mechanism, resulting in less efficient T-DNA integration. Therefore we are interested 
whether silencing of NbMON2 in N. benthamiana will also lead to increase in plant’s 
resilience to stable transformation by A. tumefaciens.  
 
To determine susceptibility of NbMON2-silenced plants to stable transformation, stem and 
leaf disc based tumorigenesis were carried out as describe in Chapter 2. For stem 
tumorigenesis, an incision of around 3 mm were created at the side of the stems, and 50 µL of 
A348 (1x106 cfu) were added directly to the wound. Tumor formation was observed six 
weeks post-infiltration. Interestingly, tumours formed on NbMON2-silenced plants were 
smaller as compared to the control (Figure 6.8). This result seems to suggest that NbMON2-
silenced plant is indeed more resistant to stable transformation.  
 
Similar result was also observed in the leaf. For leaf disc based tumorigenesis, leaf discs of 5 
mm in diameter were prepared from NbMON2-silenced and the controls plant prior to 
cocultivation with A386. After cocultivation, the leaf discs were allowed to grow on MS plate 
supplemented with Cefotaxime. Three weeks post-cocultivation with A386, tumours were 
observed to form around the edge of the leaf discs. In agreement to previous observation in 
stem tumorigenesis, NbMON2-silenced plant displayed retarded neoplastic growth as 
compared to the controls (Figure 6.8). Further quantification via the wet weight of the leaf 
disc reveals that tumour formation in NbMON2-silenced plant is two to three times less 
efficient as compare to the controls (Figure 6.9). This result, in agreement with previous 
observation, also seems to indicate that in the absence of adequate NbMON2, resistance of N. 






Figure 6.8 Tumoriogenesis of N. benthamiana plant 
(A) Stem tumoriogenesis was performed on a 3 mm incision created along the stem of 
NbMON2-silenced N. benthamiana and control N. benthamiana. A348 A. tumefaciens strain 
was used to induce tumour formation. Six weeks post infiltration, tumour formation was 
observed along the wounded site. Interestingly, tumour formed in NbMON2-silenced plant is 
smaller than the control. (B) Leaf-disc tumoriogenesis was performed on leaf-disc with 5 mm 
in diameter. Similarly, A348 was used to induce tumour in the leaf, and two bacterial-loading 
was used (1x 106 and 1x108). Similar to previous result, tumour formation was observed to be 








Figure 6.9 Fresh weight of leaf disc after tumoriogenesis. 
In agreement with previous observation, the fresh weight of leaf disc obtained from 

















MON2 is a highly conserved protein which can be found, not only in S. cerevisiae, but also in 
a wide range of organism including plant. Here, we have reported both the identification of 
NbMON2 partial gene sequence based on known MON2 homologs of other plant species, and 
also the generation of NbMON2-silenced N. benthamiana. As expected, in the absence of 
adequate level of NbMON2 in plant, the transient transformation efficiency increase and the 
stable transformation efficiency decrease. This phenotypic display is very similar to that 
observed in mon2Δ S. cerevisiae, suggesting a conserved role of MON2 in regulation AMT in 
both S. cereveisiae and N. benthamiana.  
 
For the augmented transient transformation efficiency observed in the silenced plant, it is also 
likely to be caused by higher level of T-DNA. This is evidence from the increase RFP signal 
intensity which served as a good indication of augmented copies of pre-integrated T-DNA. 
However, due to the complexity of working with multi-cellular tissue, we were unable to 
device an accurate mean to determine the attachment efficiency between the A. tumefaciens 
and N. benthamiana. Hence we were unable to confirm whether A. tumefaciens has 
augmented affinity to NbMON2-silenced plant. 
 
Beside augmented transient transformation efficiency, stable transformation is also decrease 
in the silenced plant. Though this result suggests that T-DNA integration into the genome of 
the NbMON2- silenced plant is also inefficient, there exist a fundamental difference in how 
the T-DNA in integrated into the genome of plant and S. cerevisiae. Extensive studies in 
plant have so far suggested that NHEJ double-stranded DNA repair served as the primary 
pathway for T-DNA integration. However, the reverse is true for S. cerevisiae, where T-DNA 
is integrated preferably via HR pathway [190]. True enough, our work in mon2Δ S. cerevisiae 
have revealed a that homologous repair of double-stranded DNA beak is less efficient, 
resulting in inefficient T-DNA integration. However our study has so far been unable to 
efficiently quantitate the NHEJ event in S. cerevisiae, thus we are unable to confirm the role 
of MON2 on NHEJ. On the other hand, further work done on mon2Δ S. cerevisiae has 
detected a mis-localisation or incomplete localisation of H2Ax into the nucleus. As mentioned 
earlier, H2Ax is a upstream rapid responder to DNA damage, and is responsible for the 
recruitment of DNA repair complex to the damage site. Therefore it is possible that NHEJ in 
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S. cerevisiae and N. benthamiana is also affected due to incomplete localisation of H2Ax to 



































7.1.1 A. tumefaciens as vector for protein delivery 
For the past few decades, the capacity of A. tumefaciens to deliver genetic material into 
targeted host cells has been fully exploit in genetic engineering, making A. tumefaciens a 
widely used genetic engineer. In contrast, the ability of A. tumefaciens to deliver virulence 
protein is far less explored. As various virulence proteins were also delivered to facilitate the 
transformation process, in theory, A. tumefaciens should also be efficient in delivering protein 
into host cell. Indeed, based on work done in N. benthamiana and S. cerevisiae, our lab has 
revealed that A. tumefaciens is undeniably more efficient in delivering virulence protein, 
particularly VirE2, than T-DNA into N. benthamiana [119]. To visualise the delivery of 
virulence protein, a split-GFP approach was adopted. In this system, the large-GFP fragment 
(GFP10) was expressed in transgenic N. benthamiana, while the small-GFP fragment 
(GFP11) was inserted into the permissive site of VirE2 [119]. Using this system, delivery 
VirE2 was visualised as GFP signal in the targeted host cell.  
 
The high efficiency of protein delivery by A. tumefaciens observed in N. benthamiana reveal 
a potential new role of A. tumefaciens in delivery of therapeutic protein for treatment of 
various disease such as cancer or genetic disorder. One of the major obstacles in delivery of 
therapeutic protein is the presence of cellular membrane which serve as a barrier and prevent 
efficient protein delivery into the targeted cell (as reviewed in [225, 226]. A. tumefaciens 
could easily overcome this barrier through its utilisation of its T4SS, which are capable of 
cross-membrane protein delivery. However till date, there is no report on whether protein 
delivery also occurs between A. tumefaciens and animal cell. Therefore the aim of this 
chapter is to determine whether protein delivery between A. tumefaciens and animal cell is 
possible and also to quantitate their efficiency. For this purpose, Medaka Embryonic Stem 
cell (MES) was chosen as host. Indeed, using split-GFP approach, VirE2 protein delivery was 







Figure 7.1 General approach for visualisation of VirE2 delivery in MES cell. 
In this split-GFP approach, GFP large fragment was expressed in MES cell line as pac fusion 
protein. The presence of pac gene allows generation of MES-GFP10 stable cell line through 
passaging in the presence of puromycin. On the other hand, GFP small fragment (GFP11) 
was inserted into the permissive site of VirE2 in EHA105. Delivery of VirE2 by EHA105 can 





















7.2 1 Application of split-GFP in MES 
Previously, we have applied Split-GFP to track delivery and movement of VirE2 in N. 
benthamiana. However it is unclear whether split-GFP system is applicable to MES cell line. 
As mentioned earlier, split-GFP system consists of two separate non-functional GFP 
fragments that are able to complement each other to form functional GFP [152]. To test this 
split-GFP system in MES cell line, pCV-GFP10 plasmid was constructed. In this construct, 
GFP large fragment (GFP10) was expressed as fusion protein with puromycin N-acetyl-
transferase, which confer transfected cell with puromycin resistance. The expression of this 
fusion protein was regulated by CMV promoter in MES cell line (pCV-GFP10-pac). To 
generate stable MES cell line expressing GFP10, MES cell transfected with pCV-GFP10-pac 
was maintained and passaged in the presence of puromycin. After at least five to six passage, 
pCV-GFP11-RFP (RFP and GFP-small fragment (GFP11) containing plasmid), was used to 
transfect the stable MES-GFP10 cell line. As expected, GFP signal was observed only after 
transfection with pCV-GFP11-RFP (Figure 7.2). This result shows that split-GFP system is 
also functional in MES cell line.  
 
From our previous study, delivered VirE2 was observed to form filamentous structure in N. 
benthamiana. While in S. cerevisiae, A. tumefaciens delivered VirE2 does not form 
filamentous structure. Instead helical structure was observed only when VirE2 is expressed 
directly in S. cerevisiae. In order to determine the structural morphology of VirE2 in MES 
cell line, the stable MES-GFP10 cell line was transfected with pCV-VirE2::GFP11. This 
construct contains virE2 gene with GFP11 inserted at the permissive site, and its’ expression 
was regulated by CMV promoter. When MES-GFP10 cells were transfected with pCV-
VirE2::GFP11, GFP can be observed one day post-transfection (Figure 7.3). Interestingly, 
expressed VirE2 in MES-GFP10 adopted helical structure, similar to that of S. cerevisiae 
(Figure 7.3). This observation suggests that VirE2 maintains its ability to form aggregates 
when expressed directly in MES cell line, this ability to form aggregates is crucial as failure 






Figure 7.2 Adoption of split-GFP strategy in MES cell. 
(A) Schematic representation of pCV plasmids carrying both large GFP fragment (pCV-
GFP10-pac) and small GFP fragment (pCV-RFP-S11). Expected results are depicted in the 
right. (B) As expected when MES-GFP10 stable cell line was transfected with pCV-RFP-
GFP11, both RFP and GFP were observed, suggesting the feasibility of split-GFP system in 








Figure 7.3 Visualisation of expressed VirE2 in MES cell. 
(A) Schematic representation of pCV plasmids. In this experiment, GFP11 was inserted into 
permissive site of VirE2, instead of fusing with RFP. Similarly, VirE2::GFP11 was regulated 
via CMV promoter. Expected results were depicted on the left. (B) MES-GFP10 cell line was 
co-transfected with pCV-virE2::GFP11, allowing visualisation of VirE2 in MES cells. As 
expected GFP signal was detected one day post transfection. In MES cell, expressed VirE2 
form aggregates and helical structure was observed. This morphology bears striking 
similarity to those observed in S. cerevisiae. (C) Expressed VirE2 forms helical structure in 















7.2.2 Optimisation of A. tumefaciens induction in nutrient rich medium 
In laboratory condition, the virulence of A. tumefaciens can be induced by AS in minimal 
medium condition. However our initial testing has shown that the virulence of A. tumefaciens 
cannot be maintained in EMS4, the nutrient rich medium for MES cell line, most likely due 
to high pH and nutrient content. Therefore to minimise the differences in medium condition 
between, EMS4 was serial diluted with IBPO4, and the survivability of MES in the diluted 
EMS4 was tested. We found that MES is able to survive in EMS4 medium diluted two times 
with IBPO4. However, the virulence induction efficiency in this diluted medium remains low. 
To overcome A. tumefaciens resistance to induction, constitutive active VirG was introduce 
into A. tumefaciens (EHA105-virE2-GFP) [227]. Interestingly, A. tumefaciens carrying 
addition copies of VirG (pSY203), regardless VirG isoforms, became more virulence, even in 
the diluted EMS4 (Figure 7.4). In addition, higher induction efficiency was achieved when A. 
tumefaciens was carrying constitutive VirG mutant (pSY204) (Figure 7.4). Therefore A. 
tumefaciens (EHA105-virE2::GFP11) carry constitutive VirG mutant was used subsequently 
for co-cultivation assay with MES-GFP10 cell line.  
 
7.2.3 Attachment of A. tumefaciens to MES observed 
Intimate contact between A. tumefaciens with host cell is required for the delivery of T-DNA 
and virulence proteins into the targeted cell. To ensure that attachment is possible between A. 
tumefaciens and MES, these two cell types were co-cultivated for at least one day before 
observing using light microscope. One day post- cocultivation, A. tumefaciens cells were 
observed to be immobilised on the surface of MES, indicating that attachment is possible 
between A. tumefaciens and MES (Figure 7.5). Do note that as MES is not the natural host of 
A. tumefaciens, attachment between A. tumefaciens and MES need longer time to establish. 
For plant, it was reported that attachment can take place within 5 min [228]. However 
attachment between A. tumefaciens and MES was observed to take more than four hours to 
form. 
 
7.2.4 VirE2 delivery observed in MES-GFP11 
Using co-cultivation condition optimised earlier, A. tumefaciens (EHA105-virE2::GFP11-
pSY204) was co-cultivated with MES-GFP11. Using confocal microscope, GFP dots were 
observed two day after co-cultivation (Figure 7.6). This result suggests that VirE2 delivery 
can take place between A. tumefaciens and MES cells, albeit with much lower efficiency. 
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Interestingly, in MES cell, VirE2 delivered form small GFP dots, similar to S. cerevisiae, 






















Figure 7.4 Optimisation of A. tumefaciens (EHA105-virE2-GFP) in diluted ESM4. 
(A) Flow cytometry analysis was used to determine the efficiency of A. tumefaciens 
induction. In this experiment, induced A. tumefaciens will express virE2-GFP fusion protein, 
which served as reporter for induction. EH105 without virE2-GFP was used as control for 
gating purposes. The left of the histo-plot reflects population of A. tumefaciens with no 
detectable GFP signal (GFP-), while the right of the histo-plot reflects population with 
detectable GFP signal (GFP+). pSY203 plasmid contains WT VirG, while pSY204 plasmid 
contains constitutive VirG mutant. In IBPO4, induction efficiency of all A. tumefaciens 
strains tested was close to 100%. On the other hand, in diluted ESM4 medium, EHA105-
virE2-GFP which does not contain additional copy of VirG cannot be induced. However, 
when additional copy of either WT or constitutive mutant form of VirG is presence, decent 
level of induction was achieved. Higher induction efficiency was observed in A. tumefaciens 
strain containing the constitutive mutant form of VirG (58.4% vs 74.8%) (B) Bar chart 




Figure 7.5 Attachment of A. tumefaciens to MES cells. 
MES cells were co-cultivated with A. tumefaciens for at least one day in diluted ESM4 prior 
to observation with light microscope. White arrows depict immobilised A. tumefaciens, while 






Figure 7.6 Visualisation of delivered VirE2 in MES cells. 
(A) Two days post-cocultivation, GFP signals can be observed in MES-GFP10 cells. 
Indicating present of delivered VirE2 in MES cells. In MES, the GFP observed are in the 
form of GFP dots, which is very similar to morphology of delivered VirE2 in S. cerevisiae. 
(B) Visualisation of delivered VirE2 in S. cerevisiae cells. (C) Visualisation of delivered 







In this chapter, we have successfully adopted a split-GFP system in visualisation of VirE2 
delivery from A. tumefaciens to MES cell line, a non-natural host of A. tumefaciens. The 
ability of A. tumefaciens to transform various mammalian cell lines (HeLa, HEK 293, and 
PC12 neuronal cell) was reported [10]. This is the first report on delivery of virulence protein 
into a non-natural host by A. tumefaciens, as previous works relied on T-DNA expression in 
transformed animal cell as reporter, the delivery of virulence proteins was not directly 
visualised and quantitated. Work done by Kunik and colleagues has shown that the efficiency 
of genetic transformation in mammalian cell ranges from 1.2x10-5 to 1.9x10-5 [10]. While in 
our study, our preliminary quantification of virulence protein, virE2, delivery revealed that 
the efficiency of protein delivery is 3.5x10-4. Though this comparison is not entirely fair due 
to different cell line used, it is still interesting to note that the efficiency of protein delivery is 
an order of magnitude higher than efficiency of genetic transformation. Interestingly, this 
observation is in agreement with our hypothesis that the efficiency of protein delivery is 
higher than genetic transformation [119].  
 
Unlike S. cerevisiae and N. benthamiana, the efficiency of protein delivery observed in MES 
cell line is very low. The efficiency of protein delivery for N. benthamiana and S. cerevisiae 
is around 100% and 50% respectively [119]. However MES-S10 only managed a low 
percentage of 0.035%. The low delivery efficiency observed in MES cell line could be due to 
several factors. As mentioned earlier, cell wall is crucial for the attachment of A. tumefaciens 
to the targeted host. However unlike S. cerevisiae and N. benthamiana, cell wall is not 
present in MES cell. Therefore the affinity of A. tumefaciens to MES cell is lower compared 
to S. cerevisiae and N. benthamiana. Having said that, attachment to MES cell is not entirely 
abolished as we have shown that A. tumefaciens is also immobilised on the surface of MES 
cell (Figure 7.5). Another possible reason for lower protein delivery efficiency in MES cell 
line could be due to lower A. tumefaciens induction efficiency. As EMS4, the growth medium 
of MES cell line, contain high nutrient and high pH level, the condition is not suitable for A. 
tumefaciens virulence induction. Though subsequent optimisations have managed to increase 
the induction efficiency to 75%, it is still lower as compared to induction in IBPO4, where 
efficiency is higher than 95%. Even though the difference in induction efficiency might seem 
minute, when compound with other factors, it is sufficient to contribute to the low efficiency 




Another interesting observation from this study is the striking resemble in VirE2 morphology 
between MES and S. cerevisiae. Efficiency aside, VirE2 delivered into MES-S10 cell form 
aggregates manifested in the form of GFP dots, which is very similar to that observed in S. 
cerevisiae. This morphology present a huge contrast with those observed in N. benthamiana 
where delivered VirE2 form long filamentous structures. The molecular basis of this is 
currently unclear, however we believe that this difference is cause by the different between 
the virulence protein entry pathway in natural and non-natural host. For example, in natural 
host plant, a host protein VIP1 was shown to interact with VirE2, which was postulated to 
facilitate nucleus localisation of VirE2 [107]. This protein is unique to plant and is not 
presence (or not yet identified) in non-natural host such as MES and S. cerevisiae, as 
evidence from the lack of nucleus localisation of VirE2 in these two hosts (Figure 7.6). 
Perhaps the interaction of VIP1 in plant could have led to this difference in morphology of 




















Chapter 8 Conclusion and future perspective 
 
In the first part of this thesis, we explored the role of novel host factors, MON2 in regulation 
of AMT. Through the use of various established and novel techniques, we have revealed that 
MON2 plays multiple roles on the AMT process. Using S. cerevisiae as model, MON2 was 
shown to negatively regulate A. tumefaciens transient transformation in S. cerevisiae. We 
have further shown that MON2 is involved in this process through affecting its affinity to A. 
tumefaciens, as absence of MON2 leads to augmented attachment efficiency. However, the 
molecular mechanism for this has yet to be determined. Currently we hypothesize that 
MON2, being involved in intracellular protein trafficking, might affect the profile or 
distribution of cell surface protein, which might in turn affects its affinity to A. tumefaciens. 
Presently, due to the lack of knowledge on the role of host on attachment and A. tumefaciens 
recognition, it is rather challenging to validate this from a bottom-up approach. Instead, a top-
down approach utilising Mass spectrometry could be used for profiling of cell surface protein 
in the absence of MON2. Eventually, this should provide addition clue on MON2’s negatively 
regulation transient transformation mediated by A. tumefaciens. 
 
In addition, we have also shown that domain C-D of mon2p is sufficient to fulfil the role of 
MON2 in regulation of transient AMT. Though in the presence of only C-D domain, the 
cellular punctuated distribution pattern was not perturbed, a shifted of localisation from golgi 
was observed. These results seem to suggest that MON2’s localisation to golgi is not crucial 
in its regulatory role on AMT. In contrast, maintenance of punctuated pattern seems to be 
more crucial for AMT. However, the localisation of C-D mon2p domain is currently unclear. 
Hence it is unclear why domain C-D is sufficient to complement MON2’s role on AMT and 
further work is needed to determine this.  
 
Besides being a negative regulator of transient transformation, we have also shown that 
MON2 plays a positive role in regulating stable transformation. Further study has revealed 
that MON2 is involved in double-stranded DNA repairs by mediating the localisation of 
H2Ax protein. However preliminary test, via yeast-2-hybrid approach, has not detected any 
physical interaction between MON2 and H2Ax protein, suggesting that their interaction could 
be an indirect one. In addition, we believe that mis-localisation is not sufficient to explain the 
significant deficient in double-strand DNA repair observed. This is because H2Ax was 
suggested to function as recruiter of DNA repair factors, by rapidly recruiting the essential 
154 
 
factors to the site of lesion, usually with minutes [219]. However, these DNA factors were 
not mis-localised in the absence of MON2 (Figure 5.9). Therefore it is likely that MON2 
might regulate the DNA repair through another pathway, and more works are needed to 
identify MON2’s involvement in this pathway. 
 
Interestingly, MON2’s multiple roles on AMT process is also conserved in N. benthamiana, 
suggesting that the function and role of MON2 is highly conserved. As plant is the most 
commonly used targeted host of A. tumefaciens mediated transformation, the information 
obtained through this study is very valuable as it provides more in depth understanding of 
host’s involvement on the transformation process (See Figure 8.1 for current model).  
 
In the second part of this study, the feasibility of protein delivery by A. tumefaciens to animal 
cell, in this case MES, was explored. Using a split-GFP strategy, we have shown that protein 
delivery from A. tumefaciens to MES is possible, albeit at a very low efficiency. Therefore 
the focus of this study in the future is directed at increasing the delivery efficient. 
Nonetheless, the success of visualisation of VirE2 delivery into the MES cell suggest portray 
A. tumefaciens a novel vector for delivery therapeutic protein for treatment of genetic 

















Figure 8.1 Current model of MON2’s role in regulation AMT 
In the absence of MON2, S. cerevisiae’s affinity to A. tumefaciens increase, allow higher T-
DNA efficiency delivery, leading to higher transient transformation efficiency. On the other 
hand, H2Ax nucleus localisation was affected, causing less efficiency repair of double-



























4.  White,  P.R.  and  A.C.  Braun,  A  Cancerous Neoplasm  of  Plants.  Autonomous  Bacteria‐Free 
Crown‐Gall Tissue. Cancer Research, 1942. 2(9): p. 597‐617. 
 
5.  Hooykaas,  P.J.  and  R.A.  Schilperoort, Agrobacterium  and  plant  genetic  engineering.  Plant 
Mol Biol, 1992. 19(1): p. 15‐38. 
 






8.  Ishida,  Y.,  et  al.,  High  efficiency  transformation  of  maize  (Zea  mays  L.)  mediated  by 
Agrobacterium tumefaciens. Nat Biotechnol, 1996. 14(6): p. 745‐50. 
 






11.  Zambryski,  P.,  Basic  processes  underlying  Agrobacterium‐mediated  DNA  transfer  to  plant 
cells. Annu Rev Genet, 1988. 22: p. 1‐30. 
 
12.  Pitzschke,  A.  and  H.  Hirt,  New  insights  into  an  old  story:  Agrobacterium‐induced  tumour 
formation in plants by plant transformation. EMBO J, 2010. 29(6): p. 1021‐32. 
 

















18.  Stachel,  S.E.,  E.W. Nester,  and  P.C.  Zambryski,  A  plant  cell  factor  induces  Agrobacterium 
tumefaciens vir gene expression. Proc Natl Acad Sci U S A, 1986. 83(2): p. 379‐83. 
 






21.  Melchers,  L.S.,  et  al.,  Specificity  of  signal  molecules  in  the  activation  of  Agrobacterium 
virulence gene expression. Mol Microbiol, 1989. 3(7): p. 969‐77. 
 














26.  Leroux,  B.,  et  al.,  Characterization  of  the  virA  locus  of  Agrobacterium  tumefaciens:  a 
transcriptional regulator and host range determinant. EMBO J, 1987. 6(4): p. 849‐56. 
 
27.  Melchers,  L.S.,  et  al.,  Molecular  characterization  of  the  virulence  gene  virA  of  the 
Agrobacterium tumefaciens octopine Ti plasmid. Plant Mol Biol, 1987. 9(6): p. 635‐45. 
 
28.  Stock,  J.B., A.J. Ninfa, and A.M.  Stock, Protein phosphorylation and  regulation of adaptive 
responses in bacteria. Microbiol Rev, 1989. 53(4): p. 450‐90. 
 






31.  Stachel,  S.E.,  B.  Timmerman,  and  P.  Zambryski,  Generation  of  single‐stranded  T‐DNA 









33.  Veluthambi,  K.,  R.K.  Jayaswal,  and  S.B.  Gelvin,  Virulence  genes  A,  G,  and  D mediate  the 
double‐stranded  border  cleavage  of  T‐DNA  from  the Agrobacterium  Ti  plasmid.  Proc Natl 
Acad Sci U S A, 1987. 84(7): p. 1881‐5. 
 





























43.  Nam,  J.,  et  al.,  Identification  of  T‐DNA  tagged  Arabidopsis mutants  that  are  resistant  to 
transformation by Agrobacterium. Mol Gen Genet, 1999. 261(3): p. 429‐38. 
 









47.  Llosa, M., C. Roy, and C. Dehio, Bacterial  type  IV secretion systems  in human disease. Mol 
Microbiol, 2009. 73(2): p. 141‐51. 
 









type  IV secretion system:  inner membrane gate  for exported substrates?  J Bacteriol, 2002. 
184(10): p. 2767‐79. 
 










54.  Cascales, E. and P.J. Christie, Definition of a bacterial type  IV secretion pathway  for a DNA 
substrate. Science, 2004. 304(5674): p. 1170‐3. 
 
















60.  Schmidt‐Eisenlohr, H., N. Domke,  and  C.  Baron,  TraC  of  IncN  plasmid  pKM101  associates 






62.  Liu,  Z.  and  A.N.  Binns,  Functional  subsets  of  the  virB  type  IV  transport  complex  proteins 
involved  in  the  capacity  of  Agrobacterium  tumefaciens  to  serve  as  a  recipient  in  virB‐
mediated conjugal transfer of plasmid RSF1010. J Bacteriol, 2003. 185(11): p. 3259‐69. 
 
63.  Lai,  E.M.,  et  al.,  Genetic  and  environmental  factors  affecting  T‐pilin  export  and  T‐pilus 





64.  Berger,  B.R.  and  P.J.  Christie,  Genetic  complementation  analysis  of  the  Agrobacterium 
















69.  Llosa,  M.,  S.  Zunzunegui,  and  F.  de  la  Cruz,  Conjugative  coupling  proteins  interact  with 



















75.  Zhao,  Z.,  et  al.,  Activities  of  virE1  and  the  VirE1  secretion  chaperone  in  export  of  the 





















































90.  Yusibov,  V.M.,  et  al.,  Association  of  single‐stranded  transferred DNA  from  Agrobacterium 
tumefaciens with tobacco cells. Proc Natl Acad Sci U S A, 1994. 91(8): p. 2994‐8. 
 
91.  Tinland,  B.,  et  al.,  The  Agrobacterium  tumefaciens  virulence D2  protein  is  responsible  for 
precise integration of T‐DNA into the plant genome. EMBO J, 1995. 14(14): p. 3585‐95. 
 
92.  Howard,  E.A.,  et  al.,  The  VirD2  protein  of  A.  tumefaciens  contains  a  C‐terminal  bipartite 















96.  Mysore,  K.S.,  J. Nam,  and  S.B. Gelvin,  An  Arabidopsis  histone H2A mutant  is  deficient  in 
Agrobacterium T‐DNA integration. Proc Natl Acad Sci U S A, 2000. 97(2): p. 948‐53. 
 
97.  Shurvinton, C.E., L. Hodges, and W. Ream, A nuclear  localization signal and  the C‐terminal 
omega  sequence  in  the Agrobacterium  tumefaciens VirD2 endonuclease are  important  for 
tumor formation. Proc Natl Acad Sci U S A, 1992. 89(24): p. 11837‐41. 
 













102.  Ballas,  N.  and  V.  Citovsky,  Nuclear  localization  signal  binding  protein  from  Arabidopsis 
mediates nuclear  import of Agrobacterium VirD2 protein. Proc Natl Acad  Sci U  S A, 1997. 
94(20): p. 10723‐8. 
 








105.  Tao, Y., et al., Expression of plant protein phosphatase 2C  interferes with nuclear  import of 
the  Agrobacterium  T‐complex  protein  VirD2.  Proc Natl  Acad  Sci U  S  A,  2004.  101(14):  p. 
5164‐9. 
 





107.  Tzfira,  T.,  M.  Vaidya,  and  V.  Citovsky,  VIP1,  an  Arabidopsis  protein  that  interacts  with 
Agrobacterium  VirE2,  is  involved  in  VirE2  nuclear  import  and  Agrobacterium  infectivity. 
EMBO J, 2001. 20(13): p. 3596‐607. 
 




109.  Li,  J.,  et  al., Uncoupling  of  the  functions  of  the  Arabidopsis VIP1  protein  in  transient  and 
stable  plant  genetic  transformation  by  Agrobacterium.  Proc  Natl  Acad  Sci  U  S  A,  2005. 
102(16): p. 5733‐8. 
 
110.  Schrammeijer,  B.,  et  al.,  Interaction  of  the  virulence  protein  VirF  of  Agrobacterium 
tumefaciens with plant homologs of the yeast Skp1 protein. Curr Biol, 2001. 11(4): p. 258‐62. 
 
111.  Tzfira, T., M. Vaidya, and V. Citovsky,  Involvement of  targeted proteolysis  in plant genetic 
transformation by Agrobacterium. Nature, 2004. 431(7004): p. 87‐92. 
 






114.  Magori,  S.  and  V.  Citovsky,  Agrobacterium  counteracts  host‐induced  degradation  of  its 
effector F‐box protein. Sci Signal, 2011. 4(195): p. ra69. 
 
115.  Ditt,  R.F.,  et  al.,  The  Arabidopsis  thaliana  transcriptome  in  response  to  Agrobacterium 
tumefaciens. Mol Plant Microbe Interact, 2006. 19(6): p. 665‐81. 
 










119.  Li, X., et al., Direct visualization of Agrobacterium‐delivered VirE2  in  recipient cells. Plant  J, 
2014. 77(3): p. 487‐95. 
 

























127.  Murashige,  T.  and  F.  Skoog,  A  Revised  Medium  for  Rapid  Growth  and  Bio  Assays  with 
Tobacco Tissue Cultures. Physiologia Plantarum, 1962. 15(3): p. 473‐497. 
 
128.  Velasquez,  A.C.,  S.  Chakravarthy,  and  G.B. Martin,  Virus‐induced  gene  silencing  (VIGS)  in 
Nicotiana benthamiana and tomato. J Vis Exp, 2009(28). 
 






131.  Zenklusen,  D.  and  R.H.  Singer,  Analyzing mRNA  expression  using  single mRNA  resolution 
fluorescent in situ hybridization. Methods Enzymol, 2010. 470: p. 641‐59. 
 
132.  Switzer,  R.C.,  3rd,  C.R. Merril,  and  S.  Shifrin,  A  highly  sensitive  silver  stain  for  detecting 
proteins and peptides in polyacrylamide gels. Anal Biochem, 1979. 98(1): p. 231‐7. 
 
133.  Towbin,  H.,  T.  Staehelin,  and  J.  Gordon,  Electrophoretic  transfer  of  proteins  from 


















138.  Singer‐Kruger,  B.  and  S.  Ferro‐Novick,  Use  of  a  synthetic  lethal  screen  to  identify  yeast 




























146.  Dorkov,  P.,  et  al.,  Synthesis,  structure  and  antimicrobial  activity  of  manganese(II)  and 
cobalt(II)  complexes  of  the  polyether  ionophore  antibiotic  Sodium  Monensin  A.  J  Inorg 
Biochem, 2008. 102(1): p. 26‐32. 
 
147.  Satiat‐Jeunemaitre, B., et  al., Brefeldin A  effects  in plant and  fungal  cells:  something new 
about vesicle trafficking? J Microsc, 1996. 181(Pt 2): p. 162‐77. 
 
148.  Manlandro,  C.M.,  et  al., Mon2  is  a  negative  regulator  of  the monomeric G  protein,  Arl1. 
FEMS Yeast Res, 2012. 12(6): p. 637‐50. 
 
149.  Ding,  M.,  et  al.,  Characterization  of  a  GTPase‐activating  protein  that  stimulates  GTP 
hydrolysis by both ADP‐ribosylation  factor  (ARF) and ARF‐like proteins. Comparison  to  the 
ARD1 gap domain. J Biol Chem, 1996. 271(39): p. 24005‐9. 
 
150.  Rosenwald,  A.G.,  et  al.,  ARL1  and  membrane  traffic  in  Saccharomyces  cerevisiae.  Yeast, 
2002. 19(12): p. 1039‐56. 
 






152.  Cabantous,  S.,  T.C.  Terwilliger,  and  G.S.  Waldo,  Protein  tagging  and  detection  with 
engineered  self‐assembling  fragments  of  green  fluorescent  protein. Nat  Biotechnol,  2005. 
23(1): p. 102‐7. 
 































162.  Siegel,  M.R.  and  H.D.  Sisler,  Site  of  Action  of  Cycloheximide  in  Cells  of  Saccharomyces 
Pastorianus.  Ii. The Nature of  Inhibition of Protein Synthesis  in a Cell‐Free System. Biochim 
Biophys Acta, 1964. 87: p. 83‐9. 
 




164.  Rahman,  S.  and  D.  Zenklusen,  Single‐molecule  resolution  fluorescent  in  situ  hybridization 
(smFISH) in the yeast S. cerevisiae. Methods Mol Biol, 2013. 1042: p. 33‐46. 
 
165.  Piers, K.L., et  al., Agrobacterium  tumefaciens‐mediated  transformation of  yeast. Proc Natl 
Acad Sci U S A, 1996. 93(4): p. 1613‐8. 
 



















AtAGP17  mutant  (rat1)  that  results  in  a  decreased  efficiency  of  agrobacterium 
transformation. Plant Physiol, 2004. 135(4): p. 2162‐71. 
 
172.  Zhu, Y., et al., Agrobacterium‐mediated  root  transformation  is  inhibited by mutation of an 
Arabidopsis cellulose synthase‐like gene. Plant Physiol, 2003. 133(3): p. 1000‐10. 
 












177.  Young, C. and E.W. Nester, Association of  the virD2 protein with  the 5' end of T strands  in 
Agrobacterium tumefaciens. J Bacteriol, 1988. 170(8): p. 3367‐74. 
 




179.  Pansegrau, W.,  et  al.,  Site‐specific  cleavage  and  joining  of  single‐stranded  DNA  by  VirD2 


















sites  in  the  Arabidopsis  genome  generated  under  non‐selective  conditions.  Plant  J,  2007. 
51(5): p. 779‐91. 
 

















190.  van  Attikum,  H.  and  P.J.  Hooykaas,  Genetic  requirements  for  the  targeted  integration  of 
Agrobacterium T‐DNA in Saccharomyces cerevisiae. Nucleic Acids Res, 2003. 31(3): p. 826‐32. 
 









194.  Bleuyard,  J.Y., M.E. Gallego, and C.I. White, Recent advances  in understanding of  the DNA 
double‐strand break repair machinery of plants. DNA Repair (Amst), 2006. 5(1): p. 1‐12. 
 











198.  van  Attikum,  H.,  et  al.,  The  Arabidopsis  AtLIG4  gene  is  required  for  the  repair  of  DNA 
damage,  but  not  for  the  integration  of  Agrobacterium  T‐DNA.  Nucleic  Acids  Res,  2003. 
31(14): p. 4247‐55. 
 


















for  the  repair  of  double‐strand  breaks within  tandemly  arranged  sequences  in  the  plant 
genome. Plant J, 2003. 35(5): p. 604‐12. 
 
205.  Townsend,  J.A.,  et  al., High‐frequency modification  of  plant  genes  using  engineered  zinc‐
finger nucleases. Nature, 2009. 459(7245): p. 442‐5. 
 
206.  Shukla, V.K.,  et  al.,  Precise  genome modification  in  the  crop  species  Zea mays  using  zinc‐
finger nucleases. Nature, 2009. 459(7245): p. 437‐41. 
 
207.  Tzfira,  T.,  et  al.,  Agrobacterium  T‐DNA  integration: molecules  and models.  Trends Genet, 
2004. 20(8): p. 375‐83. 
 






210.  Ristic, D., et al., Rad52 and Ku bind  to different DNA  structures produced early  in double‐
strand break repair. Nucleic Acids Res, 2003. 31(18): p. 5229‐37. 
 
211.  Gelvin,  S.B.,  Plant  proteins  involved  in  Agrobacterium‐mediated  genetic  transformation. 
Annu Rev Phytopathol, 2010. 48: p. 45‐68. 
 














































227.  Jin,  S.,  et  al.,  Characterization  of  a  virG mutation  that  confers  constitutive  virulence  gene 
expression in Agrobacterium. Mol Microbiol, 1993. 7(4): p. 555‐62. 
 
228.  Gurlitz, R.H., P.W. Lamb, and A.G. Matthysse, Involvement of Carrot Cell Surface Proteins  in 
Attachment of Agrobacterium tumefaciens. Plant Physiol, 1987. 83(3): p. 564‐8. 
 
 
 
 
 
 
 
171 
 
 
 
 
 
 
 
 
 
 
 
